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Abstract The magnetic signals of magnetite nanoparticles (NPs) preserved in rocks, soils, and sediments
are effective index for paleoenvironmental reconstruction. It has been demonstrated that magnetite NPs can
serve as a terminal electron sink for the microbial respiration (i.e., microbial iron reduction). The magnetic
properties of magnetite NPs may be altered by microbial iron reduction, which is a critical but often overlooked
process in paleomagnetism. In this study, three magnetite NPs with different particle sizes were reduced by a
dissimilatory iron-reducing bacterium (Shewanella oneidensis MR-1) under a non-growth condition mimicking
that of the early Earth and modern oligotrophic environment. The changes in magnetic, chemical as well

as crystallographic properties of the magnetite NPs during the microbial reduction process were examined.

Our results showed that the bioreduction rate of magnetite NPs was mainly controlled by their particle size

and redox state. In addition, the microbial iron reduction could affect both the crystallographic and magnetic
properties of three types of magnetite NPs used herein. After bioreduction, the crystal lattice parameters

and magnetic susceptibility of the magnetite NPs increased, while their remanence recording capability and
coercivity decreased (i.e., “softer” magnetism). Furthermore, bioreduced magnetite NPs had a larger remanence
loss near the Verwey transition region with low-temperature magnetic analysis. These results indicate that

the microbial reduction of magnetite NPs deserves attention when sedimentary magnetites are used in
paleoenvironment reconstruction.

Plain Language Summary Natural magnetite nanoparticles (NPs) in rocks, soils, and sediments
can record the paleoenvironment information when they were formed. Of note, in anaerobic post depositional
environments, magnetite-bound Fe (III) can act as an electron sink for iron-reducing microorganisms. This
microbe-magnetite interaction has the potential to affect magnetic properties of magnetite NPs. In doing so,
the original paleoenvironment information carried by magnetite NPs might also be rewritten. Therefore, to
extract the paleoenvironment information from sedimentary magnetite NPs, we should understand the impact
of bioreduction on natural magnetite NPs before burial diagenesis. Three magnetite NPs with different particle
sizes were exposed to a typical dissimilatory iron-reducing bacterium (Shewanella oneidensis MR-1) under a
non-growth condition mimicking that of the early Earth and modern oligotrophic environments. We examined
the changes in magnetic, chemical as well as crystallographic properties of the magnetite NPs during the
bioreduction process. Our study found that the bioreduction rate of magnetite NPs was mainly controlled by
their particle size and redox state. After bioreduction, the magnetism of magnetite NPs became “softer.” These
results indicate that the microbial reduction of magnetite NPs deserves attention when natural magnetites are
used in paleoenvironment reconstruction.

1. Introduction

Natural magnetite nanoparticles (NPs) are important iron oxides in the surficial Earth system, and widely used
as a paleoenvironmental indicator (e.g., Chang et al., 2016; Faivre & Schuler, 2008; J. H. Li et al., 2009; J. H.
Li, Benzerara, et al., 2013; Liu et al., 2012; Maher, 2011; Zhu et al., 2012). The natural magnetite NPs have
multiple origins, including volcano eruption, magmatic crystallization, rock weathering and pedogenesis, and
biologically controlled or biologically induced mineralization (Byrne et al., 2015; J. H. Li et al., 2020, 2021;
Liu et al., 2012; Zhou et al., 2019). Various magnetic properties that reveal the concentration, domain state, and
crystallinity of magnetite NPs are closely associated with the past environmental changes (Liu et al., 2012). For
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instance, variations in the concentrations of magnetite and maghemite NPs mainly control the magnetic suscep-
tibility in loess and paleosol from central China (An & Porter, 1997; Ding et al., 2002; Heller & Liu, 1986; Liu
etal., 2005, 2012). Based on these findings, the regional paleoenvironment changes over the last 2.5 million years
have been successfully reconstructed (Liu et al., 2005, 2012). In addition, the biogenic magnetite NPs with unique
morphology and domain state in marine sediments have been proved to be related to the changes of sedimentation
rates and paleoproductivity during Quaternary glacial-interglacial cycles (Bazylinski & Moskowitz, 1997; Chang
et al., 2016, 2018; Faivre & Schuler, 2008; Y. L. Li et al., 2009; Liu et al., 2012).

The unit cell of magnetite contains eight Fe?* and eight Fe** octahedrally coordinated ions (B site), which are
coupled in antiparallel magnetic orientation to eight Fe3* tetrahedral coordinated ions (A site) (Byrne et al., 2015;
Jiang et al., 2016). The strong magnetization of magnetite can be ascribed to the net magnetization of octahedrally
coordinated Fe?* on B sites, owing to the fact that the magnetic spin directions of Fe** on B sites are antiparallel
to those on A sites so that they completely cancel each other (Byrne et al., 2015; Gorski & Scherer, 2010; Jiang
et al., 2016). In this regard, the balance between Fe?* and Fe* in the B sites or redox state controls the magnetic
behavior of the magnetite NPs (Byrne et al., 2016).

Noticeably, iron oxides often undergo 100-300 times of Fe(II)-Fe(Ill) transition before burial (Canfield
et al., 1993). Therefore, the magnetic properties of magnetite NPs might be altered during the reduction or oxida-
tion processes that commonly occur during deposition (Liu et al., 2012; Y. L. Li, et al., 2013; Zhou et al., 2019).
For example, oxidized magnetite NPs with a Fe?*/Total Fe (Fe>*/Fe;) ratio lower than 33% exhibit smaller lattice
parameters, lower magnetic susceptibility, and higher coercivity than the perfect stoichiometric magnetite NPs
(ie., Fe”/FeT = 33%; Byrne et al., 2015, 2016; Gorski & Scherer, 2010; Y. L. Li et al., 2009; Radon et al., 2020;
Zhou et al., 2019). By employing a low-temperature magnetic analysis, Ozdemir and Dunlop (2010) further
reported a broader Verwey transition region and lower remanence loss in partially oxidized magnetite NPs.
Given the presence of structurally coordinated Fe(IlI), magnetite NPs can also function as an electron sink or
even “biogeochemical battery” for microorganisms, especially in anaerobic or fluctuating redox regimes (Byrne
et al., 2015, 2016). Besides modern ecosystems, it has been thought that microbial iron reduction is likely one of
the earliest forms of microbial respiration due to the lack of other electron acceptors such as oxygen, nitrate, and
sulphate (Vargas et al., 1998; Walker, 1987; Walker & Brimblecombe, 1985; Wiechert, 2002). In this reduction
process, magnetite NPs could carry excess Fe?* (i.e., Feer/FeT > 33%; Byrne et al., 2015, 2016; Dong et al., 2000;
Gorski & Scherer, 2010; Kukkadapu et al., 2005; Y. L. Li et al., 2009; Zhou et al., 2019). However, the changes in
mineralogical and magnetic properties of magnetite NPs during microbial iron reduction are not well understood.

In this study, we examined the reduction process of magnetite NPs by Shewanella oneidensis MR-1, a typi-
cal dissimilatory iron-reducing bacterium (DIRB). Our results indicated that both mineralogical and magnetic
properties of magnetite can be altered upon microbial iron reduction, and that multiple magnetic parameters are
indicative of Fe**/Fe, ratio of magnetite NPs.

2. Materials and Methods
2.1. Source of Magnetite NPs

Three magnetite NPs with different particle sizes were used for bioreduction experiments, including a commer-
cial magnetite sample and two laboratory-synthesized samples. The commercial magnetite was purchased from
Sigma-Aldrich (CAS No. 1317-61-9; abbreviated as SM). In addition, a hydrothermal method and a coprecipita-
tion approach were utilized to prepare laboratory-synthesized magnetite NPs. Specifically, for the hydrothermal
synthesized magnetite NPs (HM), 49 g FeSO,-7H,0 were dissolved in 190 mL of deionized water (DI H,0) with
heating and stirring (90°C, 50 rpm), and 80 mL mixed solution of NaOH (18.8%, w/v) and KNO, (2.5%, w/v)
was added dropwise into aforementioned Fe(Il) solution (Lei et al., 2017). After aging for 60 min, the HM was
collected by centrifugation and washed with DI H,O three times. For preparation of the coprecipitation-synthe-
sized magnetite NPs (CM), 5.97 g FeCl,-4H,0 and 16.23 g FeCl,-6H,0 were dissolved in 200 mL of DI H,O
with heating and stirring (60°C, 50 rpm), and 200 mL NH,-H,O (25%, v/v) was added drop by drop (Ghosh
et al., 2011). The resulting CM particles were obtained by centrifugation and further washed with DI H,O. To
avoid air oxidation, these three magnetite NPs were kept in an anaerobic chamber (filled with 98% N, and 2%
H,, Coy Laboratory Products, Michigan, USA) for future use (the SM sample is not anaerobic storage during
transportation to the laboratory).
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2.2. Microbial Iron Reduction Experiments

Cells of S. oneidensis MR-1 were aerobically cultured in a Luria-Bertani (LB) medium. Specifically, cells from
the exponential phase (after 12 h cultivation) were harvested through centrifugation and washed three times in
sterile NaCl solution (0.9%, w/v) to thoroughly remove the residual medium. Bacterial reduction experiments
were anaerobically performed in 15 mL serum bottles with 30 mM PIPES (piperazine-1,4-bisethanesulfonic acid)
buffer (pH ~ 7.0), 10 mM lactate (as the sole electron donor), 48 mM magnetite NPs (final conc. ~ 11 g/L), and a
cell concentration of ~108 cells/mL. It has been demonstrated that DIRB can utilize exogenous quinones as elec-
tron shuttles to facilitate the electron transfer between microbial cells and Fe(III) minerals (Lovley et al., 1996). In
order to expand the magnetic measurement range toward to higher bioreduction degree, the well-studied electron
shuttle anthraquinone-2,6-disulfonate (AQDS) was added into our biosystems to achieve a final concentration of
0.1 mM. All experiments were conducted in duplicates, and sterile controls were set up simultaneously.

2.3. Chemical Analysis

The supernatant and residual solid phases were separated at selected time points by a neodymium magnet. Prior
to chemical analyses, the supernatant was filtered through 0.22 pm filter. The Fe concentrations in the supernatant
were determined using an inductively coupled plasma mass spectrometer (Agilent 7900). The Fe?* and total Fe
concentrations of the pristine and bioreduced magnetite NPs were measured using the phenanthroline method
after dissolved anaerobically by a 6 M HCI (Tamura et al., 1974).

2.4. Mineral Characterization

The pristine and bioreduced magnetite NPs that were sampled at 5 and 14 days were selected for mineral charac-
terization, including X-ray diffraction (XRD), transmission electron microscope (TEM), and Fourier transform
infrared (FTIR). The XRD patterns of the magnetite were collected using X-ray diffractometer (Rigaku MiniFlex
600) with a copper tube Cu Ka (A = 0.15406 nm), a tube voltage of 40 kV, and a current of 15 mA, using a D/
teX Ultra silicon strip detector. The TEM images were obtained using a transmission electron microscope (STEM
TITAN 80-300) after placing the magnetite NPs re-dispersed in ethanol into the copper grid with a carbon film
and dried at ambient temperature. The FTIR spectra were recorded for each magnetite at room temperature using
spectrophotometer FTIR (Nicolet 6700/8700). Measurements of samples were conducted in the transmission
mode in the mid-infrared range of 4000-4400 cm~! using KBr pellets.

2.5. Magnetism Analysis

The changes of magnetic susceptibility (y) and frequency-dependent susceptibility (x;,%) of the magnetite NPs
during experiment processes were monitored directly in serum bottles with a kappabridge MFK1-FA (AGICO,
Brno). Magnetic susceptibility at low (x,;, 976 Hz) and high (y,,, 15,616 Hz) frequencies were measured at 200
Am~! field intensity. The y,, values were calculated as a mass-specific susceptibility (y) in 10~*m’kg=!. The y;,%
values were then calculated and expressed as a percentage ¥, % = (s — X%y X 100% (Zhu et al., 2012).

The hysteresis loops (at room temperature) and the zero-field warming (ZFC, 10-300 K) and field warming
curves (FC, 10-300 K) of low temperature saturation isothermal remanent magnetization (LT-SIRM) of the pris-
tine and bioreduced magnetite NPs were determined by a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design MPMS-3). The dried magnetite NPs were gently grounded by an agate mortar,
mixed with epoxy resin (1%, w/v), and fully stirred to eliminate the influence of magnetostatic interactions. All
of the above operations were conducted in the anaerobic chamber to avoid possible oxidation. The ratio of satu-
ration remanence to saturation magnetization (M, /M,), indicating the remanence recording capacity of magnetite
(Dunlop, 2002a, 2002b; Liu et al., 2012), and coercivity (B,) were determined by the room temperature hyster-
esis loops. The behavior of a LT-SIRM acquired in a 2.5 T field at 10 K after cooling the sample from 300 to
10 K in zero field (ZFC) and in a 2.5 T field (FC) was monitored upon warming from 10 to 300 K in 5 K steps
(Kosterov, 2003; Ozdemir & Dunlop, 2010).
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Table 1
Chemical, Mineralogical, and Magnetic Parameters for Solutions and Magnetite Nanoparticles Before and After Bioreduction Experiments

SM HM CM

Culturing days 0 days 5 days 14 days 0 days 5 days 14 days 0 days 5 days 14 days
Supernatant pH 7.00+0.05 7.00+0.07 6.93+0.09 7.00+0.10 7.12+0.12 7.05+0.07 7.00+0.12 7.09+0.03 7.12+0.06
Fe?*/Total Fe cpemisiy) 0.30+0.01 0.34+0.00 037+0.03 033+0.02 035+£000 037+0.03 0.33+0.04 037+0.00 0.39=+0.01
Soluble Fe (mM) ~0 0.59 +0.08 0.53 +0.09 ~0 0.62 +0.14 0.69 + 0.04 ~0 0.75 +£0.08 0.99 + 0.07
Lattice constant (a, = b, = ¢, A) 8.3806 - 8.3832 8.4014 - 8.4069 8.4067 - 8.4104
Size (nm) 120 +25.0 - 122 +£38.5 79.7+16.2 - 69.3+166 125+3.6 - 11.5+25
Ay * (%) 0 138 +1.60 19.7+0.92 0 5.09+0.74 991 + 141 0 19.1+1.05 229+1.14
M, /M (10712 102 +0.06 9.62+0.25 878025 18.1+0.52 16.8+0.83 157+0.83 0.34+0.04 0.31+0.10 0.32+0.00
B.(Am™) 9.25+0.07 9.00+0.28 820+0.28 139+0.14 13.7+042 135+0.14 025+0.07 0.25+0.07 0.20 +0.00
LT-SIRM loss in ZFC ® (%) 181+093 21.0+048 245+1.11 59.1+3.36 61.1+039 62.3+0.50 - - -
LT-SIRM loss in FC © (%) 193+0.74 21.0+031 21.8+098 588+2.03 59.5+0.00 59.7+0.52 - - -

Note. The data errors represented the values range of duplicate experiments.

*The change of magnetic susceptibility ()) of magnetite after bio-reduction. ®PExpressed by the peak area of the first derivative curve of ZFC to temperature. “Expressed

by the peak area of the first derivative curve of FC to temperature.
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Figure 1. (a) The variations of Fe?*/Fe, ratio in magnetite nanoparticles and
(b) the soluble Fe in supernatant with culture time. Error bar represented the
values range of duplicate experiments.

3. Results
3.1. Chemical Analysis of Supernatant and Solid Phase

During the incubation, the pH of the supernatant remained within the circum-
neutral range for each bio-treatment (Table 1). With increasing culture time,
the Fe?*/Fe; ratios of the magnetite NPs and the soluble Fe concentrations in
the supernatant increased gradually within 10 days and then leveled off with
time (Figure 1). Among the tested magnetites, bioreduced CM had the high-
est values of Fe?*/Fe ratios and soluble Fe (Table 1). At the end of exper-
iments (day 14), the concentrations of soluble Fe were found to range from
0.53 to 0.99 mM (Table 1), corresponding to the solubility fractions ranging
from 0.11% to 0.21%. These data suggest that the reductive dissolution of
magnetite NPs was a negligible process.

3.2. Comparison of Pristine and Bioreduced Magnetite NPs

The XRD patterns of the pristine and bioreduced magnetite are shown in
Figure S1 in Supporting Information S1, and the precise lattice constants
estimated by extrapolating the Bragg angle to 90° are shown in Table 1.
Except for minor maghemite detected in the pristine SM, no other second-
ary mineral was found before and after microbial reduction of the magnetite
NPs (Figure S1 in Supporting Information S1). The nano-size character-
istics of the three magnetite NPs caused XRD peaks to be weakened and
broadened, and this phenomenon was intensified after microbial reduction
(Figure S1 in Supporting Information S1). For the pristine samples, the
lattice constants of SM (8.3806 A) were smaller than that of the theoretical
magnetite (8.3967 A). In contrast, the lattice constants of HM (8.4014 A) and
CM (8.4067 A) were similar to that of the theoretical magnetite (Table 1).
After microbial reduction, the lattice constants of the three magnetite NPs
increased slightly (Table 1), and the maghemite peaks in SM disappeared
(Figure S1 in Supporting Information S1).

The TEM results showed the crystallographic differences between pristine
and bioreduced magnetite NPs (Figure 2). For SM, there was no significant
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Figure 2. TEM images and particle size distributions of (a—d) SM, (e-h) HM, and (i-1) CM before and after bioreduction.
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Figure 3. FTIR spectra of the pristine and bioreduced magnetite NPs by
MR-1.

change in particle size before and after bioreduction (120 + 25.0 nm vs.
122 + 38.5 nm) (Figures 2a and 2c¢). High-resolution TEM (HRTEM) images
further revealed that the interplanar spacing of pristine SM (d,,, = 2.03 A)is
smaller than that of the perfect stoichiometric magnetite (d,,, = 2.10 A, PDF
ID: 99-0073), but the interplanar spacing of bioreduced SM (d;;, = 2.56 A)
is larger than that of perfect stoichiometric magnetite (d,;; = 2.53 A, PDFID:
99-0073) (Figures 2b and 2d). In addition, HRTEM observed an amorphous
oxide corona surrounding the pristine SM particles (Figure 2b). It is noted
that this corona-like structure became thinner upon bioreduction (Figure 2d).
For HM, an octahedral crystal was observed at low magnification (Figures 2e
and 2g). After microbial reduction, the particle size of HM decreased slightly
from 79.7 + 16.2 to 69.3 + 16.6 nm. Meanwhile, HRTEM showed that the
interplanar spacing (d,;,) of HM increased from 4.78 to 4.98 A after biore-
duction (Figures 2f and 2h). The CM is mainly irregular spherical at low
magnification TEM (Figures 2i and 2k). After bioreduction, the particle size
of CM decreased from 12.5 + 3.6 to 11.5 + 2.5 nm, while the interplanar
spacing (d,,,) increased from 2.84 to 3.06 A (Figures 2j and 21).

The FTIR results showed that after microbial reduction, the OH stretch-
ing vibration of the water molecules at ~3354 cm~! became much clearer
(Figure 3). New peaks emerged at 1040, 1188, and 1390 cm™~!, which are
ascribed to polysaccharide (C-O), phenol (C-O), and carboxyl (OH), respec-
tively (Byrne et al., 2015; Tang et al., 2013). Moreover, the peak broadening
and shoulder peaks around the peak of O-H (water, ~1630 cm™) are consid-
ered to be caused by C=0 in carboxyl groups (Radon et al., 2020).
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Figure 4. (a) The variations of magnetic susceptibility (y) and (b) frequency-dependent susceptibility (x,%) of magnetite
nanoparticles during culture.

3.3. Magnetic Parameters of Magnetite NPs Before and After Bioreduction

The changes of y and y,% of magnetite NPs during the bioreduction were shown in Figure 4. The ZFC and FC of
LT-SIRM for the magnetite NPs were shown in Figure 5, and their LT-SIRM loss near Verwey transition region
were shown in Table 1. No increases in ) values were observed in sterile groups (Figure 4a). In the bioreduction
experiments, y increased rapidly during the first 10 days, and kept stable thereafter (Figure 4a). These trends
are similar to those of Fe?*/Fe ratio described earlier (Figure 1a). At the end of the experiments (day 14), the
x values of SM, HM, and CM increased by 19.7% + 0.92%, 9.91% + 1.41%, and 22.9% + 1.14%, respectively
(Figures 4a and Table 1). The y;,% values of SM and HM (~4%) were lower than those of CM (~6%) (Figure 4b).
Comparatively, the ZFC and FC of HM had a narrower Verwey transition region (Figures 5c and 5d) and a higher
LT-SIRM loss (Table 1) than that of SM. In addition, there was no obvious Verwey transition region in ZFC and
FC found for CM (Figures Se and 5f).

The relationships between magnetic parameters (including the changes of y (Ay, normalized by the initial values),
M /M, B,, and LT-SIRM loss near Verwey transition region) and Fe?*/Fe, ratios were shown in Figure 6. The Ay
values of the three magnetite NPs increased linearly with the increasing Fe?*/Fe, ratios (Figure 6a). The steeper
slope between Ay and Fe?*/Fe; found for CM than those for SM and HM suggested that y values of CM is more
sensitive to the Fe?*/Fe, ratios. The M,/M_ values and B, of HM were higher than those of SM (Figures 6b
and 6¢). Moreover, both M, /M, values and B_ of SM and HM were inversely proportional to Fe**/Fe, ratios
(Figures 6b and 6¢ and Table 1). While, the M, /M values and B, of CM were much lower than those of SM and
HM (Table 1). In addition, for SM and HM, the LT-SIRM loss near Verwey transition region also increased line-
arly with the increase of the Fe?*/Fe, ratios (R*> = 0.98, Figures 6d and Table 1).
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Figure 5. Zero-field warming curves (ZFC, 10-300 K) and field warming curves (FC, 10-300 K) of LT-SIRM of bioreduced magnetite nanoparticles with different
cultivation time. The first derivative curves of zero-field warming curves and field warming curves near Verwey transition region are also shown.

4. Discussion
4.1. Changes in Crystallinity of Magnetite NPs as a Result of Microbial Iron Reduction

Our experiments demonstrated that microbial iron reduction could result in the increases in the lattice constants
and the interplanar spacing of magnetite NPs. These changes were ascribed to the reduction of Fe3* in the B
site (i.e., octahedrally coordinated Fe3*) (Jiang et al., 2016; Y. L. Li et al., 2009; Porsch et al., 2010). It has
been reported that the Fe(IIl) site occupancy in magnetite plays a vital role in its lattice constants. Gorski and
Scherer (2010) showed that the incorporation of excess Fe3* ions into the B site of magnetite would cause
a decrease of lattice constants, due to the smaller Goldschmidt radius of Fe?* than that of Fe?* (0.785 A vs.

WANG ET AL.

7of 12

85U801 7 SUOWILIOD BA IO 3ol dde ayy Aq peusenob afe saiie VO ‘s Jo Sain1 10} Akeiqi 78Ul UO /8|1 UO (SUOPUOD-PUE-SWLB)LIY A8 |1 AeIq 1[Bul [UO//STY) SUORIPUOD PUe WIS 18U 89S *[£202/T0/62] U0 ARIqITaUIIUO A8|IM ‘Uoieiepe Uessny aUeIyo0D Aq ZT20T009TZ02/620T 0T/10p/wodfe|im Atelqiput|uo'sgndnbie//sdny wo. pepeojumod '€ ‘2202 '£20252ST



AP~ . .
A\ Geochemistry, Geophysics, Geosystems 10.1029/2021GC010212
AND SPACE SCIENCE
30 ¢ 0.20 ¢
(a) ) (b)
25 : 48 0.18} o §
e —® :'?, s Z0.16 } y=-0.46x +0.33 L i
s y=2.47x-0.73 Lo 0 y=3.36x-1.07 2 RO 0.93 L
= 15} R2=0.94 St R2=0.93 2 T
< B i =010 ol L
10 i.— . é@*’ R S
57 o@l“' h_§;' '_i’ ‘ y=2.22x-0.73 0.08 y=-0.20x+0.17
——— T R2=0.99 | R>=0.93
0 " L ’_é“_‘ " L X X L ) " X 1 1 1 1 1 1 y
31 32 33 34 35 36 37 38 39 31 32 33 34 35 36 37 38 39
Fe’'/Fe, (%) Fe’'/ Fe, (%)
15¢ 64 ¢ ]
©) sl @ e
14 é 60 y=1.16x+0.19 ,4@‘_:
I = o 2 R2=0.98 T +—8=F
E 1 @" 2 56/‘
o ] y=-12.3x+18.1 & ot .
M Rl —— R2=0.95 7 + e
9} FTTe-lllL ; 0 YT }
i . — 20} - _l—%v—? =
! y=-20.2x +15.8 L . - y=0.66x - 0.02
R =0.86 R?=0.98
7 1 1 1 1 1 1 1 1 J 16 1 1 1 1 1 1 1 1 J
31 32 33 34 35 36 37 38 39 31 32 33 34 35 36 37 38 39
Fe*'/ Fe, (%) Fe’'/ Fe, (%)

e SM e HM e CM

Figure 6. The linear fit of (a) the change of y (Ay), (b) M, /M., (c) B,, and (d) LT-SIRM loss near Verwey transition with the Fe?*/Fe, ratio of magnetite nanoparticles.

0.920 A). Conversely, the replacement of Fe>* by Fe?* in the B site via an abiotic reduction leads to an increase
of lattice constants (Shannon, 1976). It is relevant to note that aformonentioned abiotically reduced magnetites
still had the Fe?*/Fe, ratio lower than or equal to 33% (Ozdemir & Dunlop, 2010).

Specifically for bioreduction, the Fe?*/Fe. values of magnetite NPs can be achieved above 33% with strain MR-1
(Table 1). A previous study by Byrne et al. (2016) has demonstrated that the Fe** on A site is too stable to be
accessible to microbial reduction. Therefore, MR-1 cells usually utilize the Fe* ions on B site as the electron
acceptor during bioreduction, which were subsequently reduced to Fe?* ions (Byrne et al., 2015, 2016). In this
situation, the excessive Fe?* in B site of magnetite may increase the lattice parameters (lattice constants and
interplanar spacing) and lattice defects. As the bioreduction degree increases further, there should be no sufficient
sites to accommodate bio-produced Fe?* ions in B site of magnetite, thus leading to an overflow of Fe>* ions
released from its lattice (Jiang et al., 2016). It has been proposed that the released Fe?* ions preferentially bound
to organic matter (OM), leading to form OM-Fe** complexes, and adhere onto the magnetite surfaces (Chang
etal., 2016; Y. L. Lietal., 2009; Liu et al., 2012; Radon et al., 2020). Such hypothesis was supported by our FTIR
results showing the occurrence of organic-magnetite complex (Figure 3). Although dissolved Fe from magnetite
NPs (i.e., soluble Fe) was detectable in our bioreactors (0.53-0.99 mM at day 14) (Table 1 and Figure 1b), the
fraction of this soluble phase to magnetite-bound Fe was found below 0.21%, which suggests that most of the
produced Fe(Il) was either structurally coordinated within magnetite or adsorbed by magnetite surfaces. The
occurrence of OM-Fe?* complexes as indicated by our FTIR data could provide an alternative mechanism of the
stabilization of magnetite-sorbed Fe(II). However, quantitative experiments are warranted to determine the extent
and the coordination environment of OM-Fe* complexes in future studies.

Our study also found that SM was more resistant to bioreduction than HM and CM (Table 1 and Figure 1b).
Compared with the other types of magnetite, SM apparently had a lower surface area to volume ratio, thereby
providing less reactive sites for MR-1 cells (Byrne et al., 2016). Unlike HM and CM which were highly pure,
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SM contained minor maghemite and its crystals were also coated with a corona-like structure (Figure 2a and
Figure S1 in Supporting Information S1). Noticeably, no lattice fringes were detected for the corona by HRTEM
(Figure 2a), indicating that this corona-like structure was amorphous and probably consisted of ferrihydrite (the
amorphous iron hydroxide). Both maghemite and amorphous iron (hydr-) oxide are more susceptible to micro-
bial reduction than magnetite (O'Loughlin et al., 2013). These Fe(III) phases might compete with SM particles
for accepting extracellular electrons, thus hindering the reduction of SM. Indeed, maghemite disappeared and
the amorphous iron oxide layer became much thinner upon microbial iron reduction (Figure 2 and Figure S1 in
Supporting Information S1), indicating these impurities were involved in the bioreduction.

4.2. Changes in Magnetic Parameter of Magnetite NPs as a Result of Microbial Iron Reduction

As shown in Table 1, the M, /M values of SM and HM NPs were lower than 0.2, indicating that the magnetic
parameters of these two magnetite NPs are mainly controlled by the pseudo single domain (PSD > 100 nm, M,/
M, < 0.5) (Liu et al., 2012). However, the particle size analyses showed that the mean size was 120 nm for SM
and 79.7 nm for HM, respectively (Figures 2a and 2e). These results suggest that both SM and HM contained
single domain particles (SD, 20-80 nm) (Jiang et al., 2018; Liu et al., 2012). The proportion of SD particle in HM
(~70%, Figure 2e) was significantly higher than that in SM (~30%, Figure 2a), resulting the higher M, /M_and
B, values observed in HM (Liu et al., 2012; Ozdemir et al., 2002). In addition, CM had a similar particle size to
the superparamagnetic particles (SP < 25 nm), and thus displayed the lowest M, /M and B, values. As a sensitive
index to reflect the relative concentration of SP in the samples (Jiang et al., 2018), y,,% showed the highest value
in CM among the three magnetite NPs (~6%, Figure 4b). Meanwhile, for SP particle (e.g., CM used herein),
25% of the ions (Fe3* included) are distributed on its surface, much higher than SD and PSD particle (<2.5%),
indicating that the surface area to volume ratio of SP particle is higher than that of SD and PSD particle (Y. L.
Li et al., 2009; Navrotsky, 2000). Therefore, the CM-Fe(IlI) was most accessible to MR-1 cells, which can also
account for the highest bioreduction rate observed in the CM systems (Table 1 and Figure 1a).

As mentioned earlier, with the increasing bioreduction extents, the Fe>* ions released from magnetite were mostly
bound to microbially derived OM, leading to form OM-Fe?* complexes (Chang et al., 2016; Y. L. Li et al., 2009;
Liu et al., 2012; Radon et al., 2020). This “passivation” effect of OM can significantly reduce the catalytic activ-
ity of magnetite NPs but improve their electrical conductivity (Radon et al., 2020). More importantly, OM-Fe?*
complex can also influence the magnetic properties of magnetite (Radon et al., 2020). Compared to magnetite
NPs, OM-Fe?* complex has much smaller size (Radon et al., 2020), which can result in the superparamagnetic
properties when it is magnetized by external magnetic field (Liu et al., 2012). Therefore, the Ay of magnetite NPs
increased with the elevated reduction extent (Figure 6a). Moreover, because of its smallest particle size, the Ay of
CM was most easily affected by OM-Fe?* complex, causing a larger slope than that of SM and HM (Figure 6a).
Previous studies have shown that M /M can reflect the remanence recording capacity of magnetite, and B, indi-
cates the difficulty of magnetite affected by external magnetic field (higher B, indicates “harder” magnetism, on
the contrary, indicates “softer” magnetism) (Dunlop, 2002a, 2002b; Liu et al., 2012). For bioreduced magnetite
NPs, a part of Fe?* ions could be released from the lattice of magnetite and subsequently attached to the surface
of magnetite NPs in the form of OM-Fe?*, causing looser crystal structure, lower internal stability, more lattice
defects, and higher SP. That is, the magnetism of bioreduced magnetite is “softer” than the pristine one, corre-
sponding to the lower M /M and B, (Figures 6b and 6¢). The directional magnetic moments in magnetite NPs
will be disturbed with the enhanced atomic thermal motion (Liu et al., 2012). Thus, the remanence recorded by
magnetite magnetized at low temperature would decrease with the increase of temperature, especially near the
Verwey transition region (Dunlop & Ozdemir, 1997; Jianget al., 2016; Liu et al., 2012; Ozdemir & Dunlop, 2010).
Because of the “softer” magnetism, there will be a more intense atomic thermal motion in bioreduced magnetite
NPs than that in the pristine ones at the same temperature rise. Therefore, during the whole region (10-300 K)
and (or) Verwey transition region, the LT-SIRM loss of magnetite NPs with high degree of bioreduction was
greater than that of the pristine one and the ones exposed to less bioreduction (Figure 6d).

4.3. Geological and Environmental Implications

Our study showed that microbial iron reduction can influence both the crystallographic and magnetic prop-
erties of the magnetite NPs even without changing their mineral types, and particle size and concentration
(Byrne et al., 2015; Zhou et al., 2019). Therefore, the bioreduction of magnetite NPs deserves attention when
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the magnetic signals are used in paleoenvironment reconstruction (Byrne et al., 2015; Maher, 2009; Mewafy
etal., 2011; Zhou et al., 2019).

According to previous studies, oxygen, nitrate and sulphate are unlikely to be present in quantities sufficient to
support globally significant rates of microbial metabolism in the pre-Proterozoic (>2.5 Ga) (Vargas et al., 1998;
Walker & Brimblecombe, 1985; Wiechert, 2002). Given the facts that solar UV radiation in Archean was signifi-
cantly stronger than present and free Fe3* ions in seawater can be generated from the UV photooxidation of Fe?*,
Fe3* has been thought to be crucial for microbial respiration on early Earth (Vargas et al., 1998; Walker, 1987).
Moreover, these free Fe3* ions transform into Fe(IIl)-bearing minerals (e.g., magnetite) under the combined
actions of physic, chemistry and biology in the post sedimentary environment (Y. L. Li, et al., 2013). Magnetite
is one of abundant components of banded iron formations, the chemical sedimentary rocks during the Archean
and early Proterozoic (~3.8-1.8 Ga) (Y. L. Li, et al., 2013). Since magnetite has the capability to store up to
2.6 x 102! electrons/g (Byrne et al., 2015), it is reasonable to speculate that magnetite NPs might be an effective
electron sink for microbial respiration in Archean. In the present study, we employed a non-growth iron-reducing
system (lacking vitamins and additional organic substrates except lactate) to simulate the oligotrophic condi-
tions of Archean oceans and some modern ecosystems, such as intertidal zone and deep sea (Byrne et al., 2015;
Vargas et al., 1998; Wiechert, 2002). Our study, together with others, highlights the importance of magnetite
NPs in sustaining DIRB in these environments. In addition, magnetite has been considered as a host for various
trace metals (e.g., Ni, Co, V, and Ti) (Han et al., 2021). The interaction between DIRB and magnetite NPs may
also affect the cycling of trace metals in Archean oceans. However, future experimental studies are warranted to
examine such possibilities.

For the advantages of effective, cheap, and recyclable, magnetite NPs have been widely used in the field of pollut-
ant treatment (Gorski et al., 2010; McCormick & Adriaens, 2004; Radon et al., 2020). The reactivity of magnetite
with contaminants is directly linked to the proportion of Fe?* ions in magnetite (Radon et al., 2020). However,
magnetite NPs are easily oxidized by air due to their nano-size and highly reactive surface, and then decrease their
catalytic activity (Radon et al., 2020). Therefore, in order to prevent the oxidation and maintain the catalytic activ-
ity of magnetite NPs, surface modification has been suggested as an effective treatment (Radon et al., 2020). Our
study indicated that microbial iron reduction may be an effective approach to the magnetite surface modification
by remarkable increasing the structural Fe?*/Fe.. ratio and keeping the initial crystal shape and size.

5. Conclusions

In this study, three kinds of magnetite NPs were selected for microbial iron reduction experiments under
non-growth conditions. Our results found that all three magnetite NPs can act as electron acceptor for DIRB.
The microbial iron reduction could affect the mineralogical and magnetic properties of the magnetite NPs.
After bioreduction, the Fe?*/Fe, ratios of magnetite NPs elevated; the lattice parameters and y of magnetite NPs
increased, while the M, /M_values and B, decreased. Compared with more stoichiometric HM and CM, partially
oxidized SM was more resistant to bioreduction. The interaction between DIRB and magnetite may be an impor-
tant post-depositional process in Archean oceans and modern oligotrophic environments, which is overlooked in
the reconstruction of paleoenvironment and the study of biogeochemical cycling.

Data Availability Statement

The raw data files (XRD, FTIR, ZFC, and FC) have been deposited in Dryad under reference number: https://
datadryad.org/stash/share/dHacWX4vu249DxkvljAOxUaRie-zpo2Rc8FkmDye1 OA
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