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Abstract Amorphous ferric iron species (ferrihydrite or
akaganeite of <5 nm in size) is the only known solid ferric
iron oxide that can be reductively transformed by dissim-
ilatory iron-reducing bacteria to magnetite completely. The
lepidocrocite crystallite can be transformed into magnetite
in the presence of abiotic Fe(Il) at elevated pH or biogenic
Fe(IT) with particular growth conditions. The reduction of
lepidocrocite by dissimilatory iron-reducing bacteria has
been widely investigated showing varying results. Vali
et al. (Proc Natl Acad Sci USA 101:16121-16126, 2004)
captured a unique biologically mediated mineralization
pathway where the amorphous hydrous ferric oxide trans-
formed to lepidocrocite was followed by the complete
reduction of lepidocrocite to single-domain magnetite.
Here, we report the >’Fe Mossbauer hyperfine parameters
of the time-course samples reported in Vali et al. (Proc Natl
Acad Sci USA 101:16121-16126, 2004). Both the quad-
rupole splittings and linewidths of Fe(IIl) ions decrease
consistently with the change of aqueous Fe(Il) and trans-
formations of mineral phases, showing the Fe(II)-mediated
gradual regulation of the distorted coordination polyhe-
drons of Fe’" during the biomineralization process. The
aqueous Fe(Il) catalyzes the transformations of Fe(II)
minerals but does not enter the mineral structures until the
mineralization of magnetite. The simulated abiotic reaction
between Fe(Il) and lepidocrocite in pH-buffered, anaerobic
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media shows the simultaneous formation of green rust and
its gradual transformation to magnetite plus a small frac-
tion of goethite. We suggested that the dynamics of Fe(Il)
supply is a critical factor for the mineral transformation in
the dissimilatory iron-reducing cultures.
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Introduction

Hydrous ferric oxide (HFO or ferrihydrite) is an amorphous
oxyhydroxide that can be reductively transformed to
magnetite by the metabolism of dissimilatory iron-reducing
bacteria (DIRB) as the end product. Though there are many
ferric iron minerals being tested for potentially serving as
electron acceptors for the respiration of DIRB (e.g., Roden
and Zachara 1996; Zachara et al. 1998), lepidocrocite
(LPD) is so far the only iron oxide, which has a well-
crystallized form, that can be completely transformed to
magnetite mediated by DIRB (Vali et al. 2004; O’Loughlin
et al. 2010; Zegeye et al. 2010). Most crystallized Fe(III)-
oxides are not preferred electron acceptors for DIRB by
showing low reduction rates (e.g., Roden and Zachara
1996; Roden and Urrutia 2002; Roden 2006), and the
reductive products were usually ferro-carbonate or ferro-
phosphate rather than magnetite because of the kinetic
difficulty in supplying substantial amounts of both soluble
Fe>" and Fe> ™ for the crystallization of magnetite (Zachara
et al. 1998; Dong et al. 2000).

Chemically, LPD crystallites can be transformed into
magnetite by reacting with Fe(Il) via a dissolution—
recrystallization mechanism in the anoxic environments
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(Cornell and Schwertmann 1996). However, the biological
reduction of LPD was recently paid more attention due to
the varied culturing-dependent mineralization pathways.
Some studies demonstrated that crystalline LPD could not
be used effectively by DIRB as electron acceptor to support
their growth (Roden and Zachara 1996; Ona-Nguema et al.
2002; Glasauer et al. 2003; O’Loughlin et al. 2007). Some
studies demonstrated that DIRB can only reduce LPD to
green rust (GR) (Ona-Nguema et al. 2002; O’Loughlin
et al. 2007), though GR could turn to magnetite upon the
variation of temperature (Chaudhuri et al. 2001; Ona-
Nguema et al. 2002). Recent studies indicated that the ratio
of DIRB cell to LPD besides the kinetics of producing
Fe(IT) might determine the feature of cell-LPD aggregates
and the final products to be GR or magnetite (O’Loughlin
et al. 2010; Zegeye et al. 2010). Vali et al. (2004) showed
that the incubation of Geobacter metallireducens strain
GS-15 with HFO as electron acceptor demonstrated a
unique, two-step pathway: firstly, HFO amended as elec-
tron acceptor was transformed to well-crystallized LPD;
secondly, LPD crystals completely transformed to single-
domain magnetite. Though interesting, the evolution of the
microenvironments of Fe-species in the typical DIRB-
mediated Fe-colloidal system was not reported in Vali et al.
(2004). Recent developments in this field require under-
standing the hyperfine environments of iron species all
through the biomineralization pathways. It is worth
reporting the detailed change of Fe-species of Vali et al.
(2004) because it was so far the only process that involved
three mineral species with distinct structures.

>TFe Mossbauer spectroscopy (MS) has extremely high-
energy resolution and is sensitive to the short-range inter-
actions in iron-containing solids. This method provides
electron density and symmetry information of oxides and
the accurate distribution of iron ions on lattices and Fe*t/
Fe* ' ratio in the bulk composition (Burns 1994). In this
study, we report MS hyperfine parameters of Fe in the
time-course biomineralization process previously reported
by Vali et al. (2004). The abiotic crystallization of mag-
netite from the reaction between LPD and soluble Fe(II)
under anaerobic conditions was also examined for
comparison.

Experiments

Preparation and characterization of HFO, LPD,
and magnetite produced from LPD plus Fe(Il) reaction

Preparation of HFO and identification of mineral phases in
the culture of Geobacter metallireducens GS-15 can be
partially found in the study by (Vali et al. 2004). For the
abiotic simulation, LPD for this study was synthesized
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according to (Cornell and Schwertmann 1996). LPD was
added to HEPES (Na-salt of 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic  acid)-buffered anaerobic media
(pH = 7.2) to bring the concentration of Fe(Ill) to
~ 60 mM. The media used to prepare GR did not contain
sulfate or carbonate with N, of high purity as the headspace
gas. For the preparation of magnetite from GR, Fe(II) stock
solution was injected to LPD-containing media at room
temperature to produce GR with Fe(Il):Fe(Il) ratios equal
t0 0.7:2, 1:2, and 1.3:2. The minerals in the reaction media
were characterized by Tecnai G2 20 S-TWIN scanning
transmission electron microscopy (STEM) in Hong Kong
University.

Reduction of HFO by GS-15

GS-15 was initially cultured using ferric citrate as the elec-
tron acceptor and acetate as the electron donor. The biomass
was harvested after being incubated at 30°C in the dark to the
exponential stage, washed by oxygen-free, deionized dis-
tilled water to remove iron, and re-dispensed to new anaer-
obic media to get a Fe-free inoculum for cell inoculation.
During bacterial iron reduction, 2—3 tubes were sacrificed at
each checking point. The sacrificed tubes were measured for
acid-extracted Fe(II) using the ferrozine method (Stookey
1970) and their solid precipitates were measured for °'Fe
Mossbauer spectra. Experiments were replicated with the
same condition as used in Vali et al. (2004) many times but
only yielded superparamagnetic magnetite as reported
elsewhere (e.g., Sparks et al. 1990; Li et al. 2009).

Powder X-ray diffraction and calculation of accurate
lattice constant

Magnetite crystallites were scanned from 15° to 70° for 20
with a step of 0.02° per second by a Siemens D5000 X-ray
diffractometer. Displacements were calibrated for small
sample effects. The refined powder X-ray diffraction
(pXRD) profiles were used to calculate 260 and d values that
were further used to extrapolate the accurate lattice con-
stant of magnetite by the Nelson and Riley function (1945).
The calculated 20 values with 6 > 0.03° and d values with
d > 0.002 A were excluded for Nelson and Riley extrap-
olation. In this method, all valid crystallographic (hkl)
values versus Neslon-Riley functions were used to
extrapolate the lattice constant of 20 equal to 90°, which
eliminates errors propagated from the instrumental mea-
surements of 260 values.

Mossbauer spectroscopy

Room-temperature Mossbauer spectra were collected at the
Institute for Rock Magnetism, University of Minnesota.
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Each 10-mg freeze-dried sample was sealed by Kapton
tape in a Teflon ring of 1 cm” diameter. Spectra were
recorded using a 50-mCi >’Co source diffused in the rho-
dium film, moving in a constant acceleration mode with a
symmetric double-ramp wave form. Spectra were folded to
eliminate the parabolic background before fitting. The
velocity scale was calibrated with reference to the spectrum
of a-Fe foil. Highly purified helium gas was flushed during
the resonance absorption to avoid oxidation of Fe(Il) in the
sample. The spectra containing sextets were fitted by using
the early version of RECOIL (Rancourt and Ping 1991)
with Voigt model of peak distribution. No constraints were
applied to the relative sextet peak areas of magnetite and
linewidth. For those Mdossbauer profiles consisting of only
one set of doublet, using Lorentian- or Voigt model did not
show any difference. The recoilless fractions of iron in
octahedral and tetrahedral crystallographic sites were
considered equal (Gorski and Scherer 2010) for calculating
the areas of subspectra. The set of hyperfine parameters
was accepted by the result with the smallest least-square
value and reasonable linewidths.

Results

Changing of colors of FHO-containing media induced
by biogenic and abiotic Fe(II)

In the GS-15 culture with HFO as electron acceptor, the
initial dark brown color of HFO slurry turned to ocher after
60 h of incubation. After 90 h of incubation, tiny black
aggregates that were attracted to a magnet began to appear,
indicating the formation of magnetite. After 125 h of
incubation, more black aggregates could be observed at the
bottom of the culturing tubes. The ocher color faded
completely after 180 h of incubation and the culture slurry
became clear. The 581- and 668-h samples showed stable
existence of magnetite crystals. In the abiotic simulation,
the injection of Fe(Il) to the anaerobic LPD slurry simul-
taneously produced celadon-like green colored slurry of
GR, which turned to magnetite plus minor goethite after
about 12 h aging.

Acid-extracted Fe(Il) of the time-course samples

The 0.5 M HCl-extracted Fe(II) concentrations coincided
with the sequence of color change and mineral transfor-
mations (Fig. 1). The decrease in Fe(Il) at 24 h (0.44 mM)
implies that the biogenic Fe(Il) in the solution might be
adsorbed to HFO or biomass (Roden and Zachara 1996;
Liu et al. 2001). Following relatively constant Fe(II) values
(3.16-3.22 mM) between 60- and 120-h incubation, a
significant increase in acid-extracted Fe(I) occurred at
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Fig. 1 Time-series variation of acid-extracted Fe(Il) concentrations.
Vertical dashed lines demarcate time intervals over which a particular
Fe-bearing phase dominates

150 h (30.92 mM) with a rapid increasing rate (1 mM/hr),
which was consistent with the conspicuous transformation
of y-FeOOH to magnetite at this time. The concentration of
Fe(IT) decreased after 150 h and remained relatively con-
stant between 581 h (6.94 mM) and 668 h (7.94 mM)

(Fig. 1).
Mossbauer hyperfine parameters

The MS results (Table 1; Fig. 2) substantiated the results
of pXRD (Vali et al. 2004) and acid-extracted Fe(Il)
(Fig. 1). Spectra of 0 h (Fig. 2a) and 24 h (Fig. 2b) showed
quadrupole doublets with the hyperfine parameters
(IS = 0.35 mm/s, QS = 0.70 mm/s) similar to typical
HFO (e.g., Cornell and Schwertmann 1996; Mitov et al.
2002; Kukkadapu et al. 2003). The spectrum of 60 h
(Fig. 2c) appeared similar to the previous spectra; how-
ever, QS of Fe’" (0.63 mm/s) changed substantially and
indicated the transformation toward y-FeOOH (Fig. 1).
Both spectra of 125 h (Fig. 2d) and 150 h (Fig. 2e)
appeared to be weak sextets superimposed on strong
quadrupole doublets. The sextets, characteristic of mag-
netic-ordered iron oxide, were too weak to be fitted for
hyperfine parameters. The quadrupole doublets at
125-150 h (IS = 0.35 mm/s, QS = 0.55 mm/s) were the
same as those of reported y-FeOOH (McCammon 1995;
Mitov et al. 2002; Ona-Nguema et al. 2002) and were
clearly distinct from the parameters of goethite (Kondoro
1999; Kuzmann et al. 1998) or akageneite (Kuzmann et al.
1998). The 581-h (Fig. 2f) and 668-h (Fig. 2g) spectra
were made of two sets of sextets of typical magnetite
(McCammon 1995; Vandenberghe et al. 2000). The
hyperfine fields of 489 kOe (581 h) and 490 kOe (668 h)
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Table 1 Mossbauer spectroscopic hyperfine parameters of time-course samples and magnetite plus goethite produced from the reaction between

LPD and Fe(II) under anaerobic condition

Time (h) IS (mm/s) QS (mm/s) Area (%) HWH (mm/s) Hyperfine Phase
fields (kOe)
0 0.35 0.70 100 0.26 Ferrihydrite
24 0.35 0.70 100 0.26 Ferrihydrite
60 0.34 0.63 100 0.22 Intermediate
125 0.35 0.55 100 0.17 Lepidocrocite
150 0.35 0.55 100 0.17 Lepidocrocite
581 0.26 —0.01 329 0.14 489 Magnetite
0.63 —0.02 67.1 0.29 458
668 0.26 0.00 33.1 0.14 490 Magnetite
0.63 0.00 66.9 0.29 458
Magnetite from reaction 0.29 0.00 333 0.21 473 Magnetite
between LPD and Fe(Il) 0.59 0.00 39.0 0.32 449
0.34 —0.30 27.7 0.19 349 Goethite
1S isomer shifts, QS quadruple splitting, HWH half-width half-height of the peak
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Fig. 3 The relationship between mineral transformation and the
evolution of hyperfine parameter quadrupole splitting (QS) and
linewidth (HWH) as the function of time

(Table 1) represented Fe’" in the tetrahedral sites of
magnetite; the hyperfine fields of 458 kOe (581 h) and 458
kOe (668 h) (Table 1) represented Fe>>* in the octahedral
sites of magnetite. The B:A ratio of the fitted area of
magnetite [(Fe’)*[Fe*TFe?T1%0,] was slightly greater
than 1.9:1, indicating a slight Fe’-excess (Vandenberghe
et al. 2000; Li et al. 2009). The stoichiometry of the bio-
genic magnetite was calculated according to Gorski and
Scherer (2010) to be Fe; 99704.

The decreases in QS and linewidth of Fe(Ill) during the
course of incubation were significant (Table 1; Fig. 3). The
QSs and linewidths of Fe®* decreased from 0.7 and
0.26 mm/s in ferrihydrite to 0.55 and 0.17 mm/s in LPD.
The hyperfine parameters of LPD at 150 h were exactly the
same as those of 125 h, which indicated that the existence
of LPD was a stable phase during this period. The MS
spectra of abiotic simulations showed two sets of sextets
for typical magnetite and a set of small sextet characterized
of goethite (Table 1; Fig. 5).

Crystallography of magnetite precipitated by abiotic
simulation and GS-15 respiration

The pXRD (Fig. 4) and MS (Fig. 5) measurements of the
end product of LPD plus soluble Fe(Il) indicated the for-
mation of magnetite plus a minor fraction of goethite. The
LCs of magnetite crystals synthesized at room temperature
with 0.7:2, 1:2, and 1.3:2 of Fe(Il)/Fe(Ill) were 8.392,
8.394, and 8.392 A. The LC of magnetite produced by GS-
15 through the regular pathway (e.g., Sparks et al. 1990) is
8.404 A, which was close to the previously reported LC of
biogenic magnetite crystals (Li et al. 2009). The biogenic
magnetite crystallites, though may suffer slight oxidation,
still had its LC greater than that of stoichiometric magne-
tite (8.3967 A of Fe;0,4) (Zhang and Satpathy 1991).
LPD crystallites prepared according to (Cornell and
Schwertmann 1996) were wisker-like with an average long
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Fig. 4 The pXRD profile of magnetite plus goethite produced from
lepidocrocite plus Fe(II) reaction and the calculation of lattice
constant of magnetite (inset). The inset shows the accurate lattice
constant of magnetite calculated from the Nelson—Riley extrapolation
method (Nelson and Riley 1946). M magnetite, G goethite
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Fig. 5 The Mossbauer spectroscopy of the final products of the
interaction between lepidocrocite and Fe(Il) under anaerobic condi-
tion showing the formation of magnetite and magnetically ordered
goethite

axis of 180 *+ 48 nm (Fig. 6a). The GR crystals around
0.5 um (Fig. 6b) could be observed coexisting with
remained LPD and ultrafine particles (inset of Fig. 6b,
<5 nm). GR slurry turned to magnetite plus minor goethite
filaments (Fig. 6¢) after about 12 h. The inset of Fig. 6¢
was the selected area electron diffraction (SAED) pattern
of magnetite. The magnetite crystallized from LPD had
particle sizes averaged at 54 £+ 18 nm.

Discussion

HFO and LPD all have short-range ordered Fe® T(0)g or
FeO53(OH); octahedra. The transformation of HFO to LPD
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Fig. 6 TEM characterization of hydrothermally synthesized lepido-
crocite and its transformation to magnetite plus minor goethite by its
reaction to Fe(Il). a, inset shows lepidocrocite and its SEAD
characterization; b, inset shows hexagonal green rust crystals and
ultrafine particles (<5 nm) growing from the green rust slurry; ¢, inset
shows the formation of magnetite plus goethite filaments as the final
phases, and the SEAD characterization of magnetite

@ Springer

is a regulation of the highly distorted octahedra of HFO to
octahedra of LPD with more symmetry that can be
reflected by the decrease in QS (Mitra 1993). This hyper-
fine evolution of the microenvironments of Fe was clearly
indicated by the decrease in QS and linewidth values
(Fig. 3).

The transformation of HFO to y-FeOOH is an uncom-
mon pathway because HFO is unstable to goethite or
hematite under aerobic conditions (e.g., Lindsay 1979;
Schwertmann and Murad 1983; Delgado et al. 2003). If
HFO is considered close to Fe(OH); in stoichiometry, the
biogenic Fe(Il)-catalyzed transformation of HFO to LPD
without redox reaction can be roughly expressed in this
way:

Fe(OH); + Fe(Il) — y — FeOOH + Fe(OH)” +H" (1)

In the case of this study, the Fe(II)/XFe was around 5%
at the early stage of incubation, which constrained the
product to be LPD rather than magnetite or GR. After
120 h of incubation, the microbial production of Fe(Il)
(1 mM/h during 120-150 h, Fig. 1) was consistent with the
“fast” Fe(II) production rate that led to the formation of
magnetite (O’Loughlin et al. 2010). When there was
enough LPD in the culture, high amount of Fe(II) was also
accumulated (Fig. 1). The mineralization of magnetite
from LPD could be described as follows:

2y — FeOOH + Fe(OH) ™ — Fe304 + H,0 + H* (2)

The production of proton may prohibit the
crystallization of magnetite (e.g., Hansel et al. 2005) if
the media were not pH buffered. As Fe(OH)™ is soluble, it
was never detected by MS all through the bacteria-
mediated process (Fig. 2a—e) until the crystallization of
magnetite (Fig. 2f, g).

Goethite can be one of the end products in the abiotic or
biotic reduction of LPD toward the crystallization of
magnetite (Figs. 4, 5, 6¢; Hansel et al. 2003, 2004). In the
abiotic simulations, massive GR crystals coexist with LPD
relics, indicating that GR is an intermediate phase as the
result of the dynamic dissolution of LPD by soluble Fe(II)
(Ona-Nguema et al. 2002; Zegeye et al. 2010). The whole
pathway can be summarized as follows:

y-FeOOH + Fe(II) + H,O
X+
— {Fefl_,Fe™ (OH), } {(x/n)A" (m)H:0}"" (GR)
— Fe304 + a-FeOOH (3)

GR was not observed in the time-course samples of this
study, which is characterized by having high-spin Fe**
(Ona-Nguema et al. 2002). We use undefined formula of
GR (Eq. 3) rather than previously reported GR with better
constrained composition (e.g., Ona-Nguema et al. 2002)
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because the media we used to make GR did not contain any
sulfate or carbonate that was found commonly in the
formula of GR.

MS hyperfine parameters indicated that iron cations on
lattices were paramagnetic high-spin Fe** bonded to O- or
OH-ligands before the nucleation of magnetite. The change
of QS values and linewidths of Fe(IIl) ions of time-course
samples indicated a gradual regulation of the distorted
octahedral site and increasing of cubic symmetry (Burns
1994) of Fe**-coordinations. The large QS values of HFO
indicated that Fe** ions occupy highly distorted octahedral
coordinated sites (Fig. 3). Both QS and linewidth values
decreased with time (Fig. 3), indicating the regulation of
the iron octahedral sites toward the symmetric cubic
polyhedral coordination, which is consistent with the
transformation of amorphous HFO to the crystalized LPD.
The QS of 60 h captured an intermediate phase between
HFO and LPD, which is not a typical 6-line HFO (Kukk-
adapu et al. 2003) but a transition state between HFO and
LPD. The MS measurements showed no hyperfine
parameters of any Fe(Il) before the crystallization of
magnetite in the time-course samples, indicating that Fe(II)
only catalyze the phase transformation but does not enter
the lattice of these crystals. This process is different from
the one with GR as the intermediate phase (Ona-Nguema
et al. 2002; O’Loughlin et al. 2010) in which the high-spin
doublets of Fe*" exist in the crystal of GR.

The lattice constant values of biogenic magnetite crys-
tals are close or even larger than that of ideal magnetite
with perfect stoichiometry [Fe3+(FeZ+Fe3+O4] (Li et al.
2009; Moon et al. 2010; Fischer et al. 2011). The Mo&ss-
bauer spectroscopic Fe?t/Fe’™ and pXRD calculated lat-
tice constant of magnetite produced from GR and GS-15
were all perfectly on the fitted linear equation of Fe?*/Fe®"
versus lattice constant of magnetite by Gorski and Scherer
(2010) and in the domain of biogenic magnetite (Li et al.
2011). According to the linear equation of Gorski and
Scherer (2010), the lattice constant of magnetite from GS-
15 culture (8.404 A) corresponds to a Fe?"/Fe*™ of 0.56,
which is close to 0.53 calculated from the Mdssbauer
spectroscopic result. As both accurately measured Fe®'/
Fe** by Mossbauer spectroscopy and lattice constant by
pXRD are reliable for accurate stoichiometry of magnetite
(Li et al. 2009, 2011; Gorski and Scherer 2010), the dif-
ferences of Fe?™/Fe’™ and lattice constant of magnetite
from the GS-15 culture and those from the transformation
of GR were small but distinctable. The comparison indi-
cated even with the similar processes that the abiotic
magnetite is still different from the biogenic ones. Being
produced at the same temperature, the crystal size of
magnetite crystallized from GR (54 nm, Fig. 6¢) was much
smaller than the ~ 100-nm single-domain magnetite in the
culture of GS-15 (Vali et al. 2004), but much larger than

the superparamagnetic magnetite regularly produced in
mesophilic DIRB cultures (Zachara et al. 1998; Li et al.
2009), implying the microbial mediation is still one of the
important factors that controls the mineralization of
magnetite.
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