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Degeneration of biogenic superparamagnetic magnetite
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ABSTRACT

Magnetite crystals precipitated as a consequence of Fe(lll) reduction by Shewanella algae BrY after 265 h
incubation and 5-year anaerobic storage were investigated with transmission electron microscopy, Mdssbauer
spectroscopy and X-ray diffraction. The magnetite crystals were typically superparamagnetic with an approxi-
mate size of 13 nm. The lattice constants of the 265 h and 5-year crystals are 8.4164A and 8.37744A, respectively.
The Méssbauer spectra indicated that the 265 h magnetite had excess Fe(ll) in its crystal-chemistry
(Fe3*, g0oF€?*1 0150.) but the 5-year magnetite was Fe(ll)-deficient in stoichiometry (Fe3*, 50gFe2*; 4160,). Such
crystal-chemical changes may be indicative of the degeneration of superparamagnetic magnetite through the
aqueous oxidization of Fe(ll) anaerobically, and the concomitant oxidation of the organic phases (fatty acid
methyl esters) that were present during the initial formation of the magnetite. The observation of a corona structure
on the aged magnetite corroborates the anaerobic oxidation of Fe(ll) on the outer layers of magnetite crystals.
These results suggest that there may be a possible link between the enzymatic activity of the bacteria and the
stability of Fe(ll)-excess magnetite, which may help explain why stable nano-magnetite grains are seldom
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preserved in natural environments.
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INTRODUCTION

Magnetite can be classified as superparamagnetic (SP), single
domain (SD) or multidomain (MD) according to both size
and shape-constrained magnetic anisotropies. Many Fe(III)-
reducing bacteria (IRB), including the genera of Geobacteraceae,
Shewanella and Thermoanaerobacter, are capable of facilitating
the extracellular precipitation of magnetite through their
production of dissolved Fe(II) [reaction 1], and its subsequent
abiological reaction with ferric iron [reaction 2]:

(1] CH,COO™ + 8F¢(OH), —
8Fe’ + 2HCO; + 150H" + 5H,0
[2]  20H + Fe’ + 2Fe(OH), — Fe,0, + 4H,0
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The resulting magnetite crystals average less than 20 nm in
diameter (Lovley ez al., 1987; Moskowitz et al., 1989; Lovley,
1990; Sparks et al., 1990; Moskowitz et al., 1993; Hanzlik
et al.,1996; Zachara et al.,2002; Roh et al., 2003; Kukkadapu
et al., 2005; Stapleton et al., 2005; Roh ez al., 2006), which
places them within the size range of SP magnetite (Dunlop &
Ozdemir, 1997). The extracellularly precipitated magnetite in
IRB cultures is also generally irregular in morphology (e.g.
Frankel and Bazylinski, 2003), as compared to the rectangular,
cubic or arrow-shaped forms generated by the magnetotactic
bacteria, which form intracellular chains of SD magnetite
(Bazylinski and Moskowitz, 1997).

Interestingly, Frankel (1987) and Lovley (1990) estimated
that magnetite produced by IRB could be several thousand
times more than magnetotactic bacteria do per unit of biomass,
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suggesting that ‘biologically induced’ magnetite may play a
prominent biological role in the natural environment. However,
in natural sediments, there have been few reports demonstrating
the unequivocal existence of extracellularly precipitated
magnetite (e.g. Gibbs-Eggar et al., 1999; Maloof et al.,2007)
compared to studies showing chains of magnetosomes from
magnetotactic bacteria (e.g. Frankel ez al., 1979; Kim et al.,
2005; Pan ez al., 2005; Housen & Moskowitz, 2006; Kopp &
Kirschvink, 2008). This discrepancy might be caused by the
possibility that nanometer-size SP magnetite is less stable than
the larger SD particles (Tarduno, 1995). For instance, the typical
nano-material (with a particle size around 10 nm) has about
25% of its atoms on the surface layers, whereas SD magnetite
from magnetotactic bacteria (with a size of approximately
80 nm) may have <2.5% of the atoms on the particle surfaces
(Navrotsky, 2000). Therefore, the SP magnetite has thousands
of times higher surface energy than bulk magnetite, and con-
sequently, its surface provides an active substrate for physical,
chemical and biological reactions (Navrotsky, 2000). As observed
in the laboratory, cell growth leads to shifts in geochemical
conditions, such as Eh, pH and higher Fe(II) concentrations
(e.g. Bell et al., 1987), that favour the mineralization of
magnetite (e.g. Zhang et al., 1998; Zachara et al., 2002; Roh
et al., 2003). Accordingly, the cessation of cell growth should
have consequences on the stability of magnetite because the
last stages of biomineralization are inorganically driven
(Konhauser, 1997), yet this aspect of magnetite stability is
poorly resolved. Controversial explanations, such as reductive
dissolution (e.g. Dong et al., 2000; Kukkadapu et al., 2005;
Maloof et al., 2007), abiotic dissolution by organic matter
(e.g. Hilgenfeldt, 2000; Snowball, 1993), and aqueous oxidation
(Hanzlik ez al., 1996; Tang et al., 2003) were suggested to be
responsible for the instability of biogenic SP magnetite.

In order to assess whether SP magnetite is indeed unstable,
we compared the crystal-chemistry and lattice constant (LC)
of magnetite produced by Shewanelln algae strain BrY after
265 h incubation at 30 °C, and those after further storage
under anaerobic conditions for ~5 more years at room tem-
perature. We show through the use of wet chemistry, X-ray
diffraction (XRD), transmission electron microscopy (TEM)
and Mgssbauer spectroscopy that SP magnetite crystals indeed
undergo crystal-chemical modification with time, which might
explain the paucity of biogenic SP magnetite reported from
modern sediments and the rock record.

MATERIALS AND METHODS

Bacteria and wet-chemical analyses

Shewanelln algae strain BrY (Caccavo et al., 1992) and Shewanelln
strain PV4 were incubated with the basal medium prepared by
adding 3-g NaH,PO,, 0.1-g KCl and 1.5-g NH,Cl as the nutrients,
10-g sodium PIPES (Piperazine-N,N’-bis(2-ethanesulfonic
acid) sesquisodium salt) as the organic buffer, 1 mL vitamin

solution, 10 mL mineral solution (Phelps ez al.,1989)and 1 mL
0.5% rezasurin to 1 L deionized distilled water. The medium was
then heated to 70 °C accompanied by spontaneous degassing
by N,, cooled to room temperature, dispensed at 10 mL into
26 mL pressure tubes under N, atmosphere, capped with butyl
rubber stoppers and aluminum crimp seals and sterilized. Presence
of oxygen in the tube was tested by the reagent rezasurin, which
turns the colour of the medium to pink. The two-line ferrihydrite
(FHO) (e.g. Kukkadapu ez al.,2003) was added to the medium
with a concentration equivalent to 50 mm Fe(III) as electron
acceptor, and 10 mm lactate was added as the sole electron donor.
Fe(IIT)-NTA (nitrilotriacetic acid) solution was added to
provide a 4-mM water-soluble Fe(III) to initiate the growth, and
2.5 mm FeCl, was added to the medium to further exhaust free
oxygen. The pH before incubation was 7.2. BrY was inoculated
at 10% volume and incubated at 30 °C. Tubes prepared with
the same conditions without inoculation were used as controls
and were sacrificed at the beginning of incubation and the end
of experiments. Thermoanaerobacter strain C1, which shares
similar physiology and behaviours of biomineralization with
Thermoanaerobacter sp. strain TOR39 was incubated at 55 °C
with conditions the same as in Zhang ez al. (1998). Magnetite
was extracted and treated with same methods as for BrY cultures.

Magnetite used for high-resolution TEM observation was
collected from the incubation of S. algae BrY and Shwanelln
strain PV4. Subsamples for water soluble (WS)-Fe(II) and
Fe(III), and 0.5 M HCI extractable Fe(II) and Fe(III) were
measured using a SHIMADZU UV-VIS spectrophotometer
with the procedures described in Li ez 2l (2006) and the
method described in To et al. (1999). The extracted Fe(II)
and Fe(IIT) were regarded as bioavailable iron. Triplicate tubes
were used for checking time points. The tube that contained
the biogenic magnetite was opened in the anaerobic chamber
that contained 99% N, and 1% H,. The solid phase was washed
with O,-free water several times and once with methanol, and
placed in the anaerobic chamber for drying. The dried solid
was stored in the 1.5 mL vial with 99% N, + 1% H, headspace
gases for further analysis.

Méossbauer spectroscopy, TEM and XRD

Room temperature Mossbauer spectroscopy was conducted at
the Institute for Rock Magnetism, University of Minnesota on
the 265 h sample (M265h hereafter) and at Mount Holyoke
College for a sample that was incubated for 5 more years at
room temperature (M5Y hereafter). The sample was prepared
by sealing about 10 mg of freeze-dried powder in a Teflon ring
of 1 cm diameter by brown, low-temperature plastic tape.
Spectra were recorded using a source of 50 mCi®’Co diffused
in the Rhodium film, moving in a constant acceleration
mode with a symmetric double ramp wave form. Spectra were
subsequently folded to eliminate the parabolic background
before fitting. The velocity scale was calibrated with reference
to the spectra of a a-Fe foil. Highly purified helium gas was
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Table 1 The Mossbauer hyperfine parameters of the iron minerals in BrY cultures
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8 A Hhf Area Cation LC
Sample mm s mm s kOe % Assign. p.f.u. i
BrY (265 h) 0.28 -0.26 243 20 A-site Fe¥*[Fe3* g 000Fe2* 015104 8.4164
0.66 0.05 416 41 B-site
0.42 39 FHO
BrY 5 Years 0.31 -027 236 47 A-site Fe*[Fe3", 355Fe2%0 41510, 8.3774
0.35 -0.02 423 20 B-site
0.33 0.94 33 FHO

8: chemical shift; A: quadrupole splitting; Hhf: internal magnetic field. Assign: the assignments of cation occupations on A-site and B-site of magnetite and ferrihydrite

(FHO). L.C.: lattice constant of magnetite.

flushed during the resonance absorption step. The spectra
were fitted by using MO.exe (J.Y. Ping), which is suitable for
simple spectra of ¥Fe.

At Mount Holyoke College, ~10 mg of sample was crushed
under acetone, then mixed with a sugar-acetone solution designed
to form sugar coatings around each grain in order to prevent
preferred orientation of particles. Grains were gently placed in
a sample holder confined by Kapton tape. Mdssbauer spectra
were acquired using a source of ~80 mCi *’Co in Rh ona WEB
Research Co. model WT302 spectrometer. Run time of 24 h
resulted in 2 million baseline counts after the Compton correc-
tion. Spectra were collected in 2048 channels and corrected for
nonlinearity via interpolation to a linear velocity scale, which is
defined by the spectrum of the 25 um Fe foil used for calibra-
tion. Data were then folded and processed using an in-house
program from the University of Ghent, in Belgium called Mexfield.

Errors on isomer shifts were estimated at £0.02 mm s,
and £0.05 mm s! for quadrupole splitting. The error of area
among multiple Fe?* doublets/sextets or among multiple Fe3*
doublets/sextets was +5—-10%. The relative areas of iron fitted
in different coordination sites have not been calibrated by
the recoilless fraction. For example, the relative abundance
of Fe at B-site to A-site is 2 for stoichiometric magnetite
(Fe3*,[Fe3*Fe?*];0,). If one considers that the recoilless
fraction of B-site is smaller than that of A-site, the ratio of
B-site to A-site of 1.88 fitted from Mossbauer spectroscopy is
expected for standard stoichiometric magnetite (De Grave &
Alboom, 1991). For the same reason, the relative abundances
of the coexisting oxyhydroxides in M265h and M5Y should be
slightly higher than those reported in Table 1 because of the
presence of relatively small recoilless fraction of oxyhydroxides
when compared to magnetite (De Grave & Alboom, 1991; Oh
& Cook, 1999).

Morphological and structural changes of minerals were
examined by TEM and XRD techniques. Conventional TEM
analyses were conducted at the Microscopy Center of McGill
University by methods as described previously (Vali ez al., 2004;
Li et al., 2006). High-resolution TEM imaging was con-
ducted at the Center for Nanophase Materials Sciences of
Oak Ridge National Laboratory. XRD measurements were
conducted at the High Temperature Material Laboratory, Oak
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Ridge National Laboratory. The XRD samples were rinsed
several times by N,-purged water to remove salts that could
contribute sharp unwanted peak in XRD patterns. The powder
samples were scanned from 15 to 75°20 values at 0.02°s™!. The
wavelength of Cu/K-a (1.54056A) was used to calculate
d-space values. Sample displacements oft the diffractometer
focusing circle were calibrated before doing Rietveld refinement.
Lattice d-spacing values with 220 errors were regarded as
outliers and were rejected for LC calculation. Given its highly
symmetrical structure, the Nelson-Riley extrapolation method
(Nelson & Riley, 1945) was chosen to extrapolate LC to the
90° Bragg angle which eliminated the error propagated from
the measurements of Bragg angles.

Reaction of fresh magnetite with fatty acid methyl esters

Dihydrocholestrol, hexadecanol, L-phenylalanine and a mixture
of fatty acid methyl esters (FAME mixtures routinely used
as standard for gas chromatography — mass spectrometer
(GC-MS)) of C8-C24 with various structures were mixed
with magnetite and incubated anaerobically at 37 °C and
70 °C to examine the potential for magnetite decomposition
of environmentally relevant organics. Only the results of FAME
mixtures were quantified. A mixture of fatty acid methyl esters
18-50 ug were mixed with ~5 mg dried magnetite in 24 mL
pressure tubes under anaerobic condition. The tubes were
previously sterilized at 450 °C for more than 6 h. The tubes
were then capped with butyl rubber stopper, which had been
washed with hexane and methanol and sealed with Al-crimps.
The SD magnetite extracellularly produced by Thermoanaerobacter
strain C1 at 55 °C was used as a control to assess the effect of
particle size. The size of the SD magnetite was 64 = 18 nm.
The tubes were placed in incubators at the desired temperatures
(37 °C and 70 °C) for 4 days. The FAMEs were extracted
with the standard procedures as described previously (Li
et al., 2007) without the steps for esterification, followed by
quantification and characterization by GC-MS at Center for
Biomarker Analysis, University of Tennessee. The nomenclature
of fatty acids can be found in Li ez /. (2007). The solid relics
were stored under anaerobic condition until examined by
XRD and TEM examinations.
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Fig. 1 Time course concentrations of 0.5 m HCl-extractable Fe(ll) during the
transformation of ferrihydrite to magnetite by S. algae BrY (diamond) and
controls with same media but no inoculums added (square). Error bars
represented the average of triple tubes.

RESULTS

Solution chemical changes

The 0.5 M HCI extracted Fe(II) during ferrihydrite trans-
formation to magnetite showed significant increases in
dissolved Fe(II) until approximately 29 h had elapsed (Fig. 1).
Thereafter, the amount of Fe(II) increased only marginally.
These changes in Fe(II) concentration correspond directly to
changes in cell growth patterns, from exponential growth until
approximately 29 h to stationary phase and through the
remainder of the experiments (up to 178 h). No magnetite
could be detected in the controls whose concentrations of
Fe(II) showed little change throughout the course of the
experiments. A parallel set of BrY culture showed 7.69 mm of
WS-Fe(II) after 8 months incubation; whereas the WS-Fe(II)
decreased sharply to 0.02 mm after more than 5 years of
further incubation at room temperature. The extracted magnetite
that showed no other minerals by XRD examination, yielded
Fe(I1T) /Fe(II) ranges from 2.4 to 3.0 after being dissolved by
6 M HCI for wet-chemical analyses; whereas those with
XRD-detectable siderite generally had Fe(III)/Fe(II) much
less than 2.0.

Crystallite size and lattice parameters

The TEM images of M265h and M5Y under low magnification
revealed agglomerations of magnetite with only slight differences
in size and morphology (Fig. 2A,B). The particle sizes have
been measured for 150 particles of M5Y yielding grain dimensions
ranging from 6 to 26 nm, with an average of 12.9+ 4.5 nm.
The high-resolution TEM image of the magnetite reacted
with fatty acids at 70 °C similarly showed minimal change in

Fig. 2 TEM images of magnetite precipitated in BrY cultures. A: magnetite after
265 h incubation; B: magnetite after 5 more years incubation at room
temperature; C: magnetite after reaction with fatty acids at 70 °C.
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Fig. 3 The high-resolution TEM image of biogenic SP magnetite showed the
corona structure (A) as the part experienced degeneration on the original
magnetite crystals (B) as a result of the oxidization of Fe(ll) in the lattice
structure. Lattice fringes parallel to line ‘a’ passing both part A and part B
indicated they were part of one single crystal.

morphology or particle size (Fig. 2C). In contrast, a high-
resolution TEM of M5Y magnetite showed a corona structure
(part A in Fig. 3) on the original magnetite (part B in Fig. 3).
Importantly, the lattice fringes parallel to line ‘a’ passing
through both A and B areas in Fig. 3 clearly demonstrated that
they were two parts of one single crystal.

Because the magnetite is typically nano-sized, the corre-
sponding XRD scans showed peak broadening in both M5Y
and M265h (Fig. 4A,C). The LC calculated from Nelson-
Riley extrapolation for M265h was 8.4164A and for M5Y was
8.3774A (Table 1). Good linearity indicated this method was
successful (Fig. 4B,D). Reaction of magnetite crystals with
dihydrocholesterol, hexadecanol, and L-phenylalanine resulted
in significant shifts of their XRD peaks and accordingly a
decrease of LC values. For example, after reacting with
dihydrocholesterol at 70 °C magnetite had an LC of 8.3419A;
with L-phenylalanine at 70 and 37 °C had LC values of 8.3403
and 8.3665A, respectively; these reacted with hexadecanol at
70 and 37 °C had LC values of 8.3609 and 8.3593A, respec-
tively. Comparatively, the magnetite synthesized at 70 °C has
its LC of 8.3826A, which slightly changed to 8.3766A after
reacting with dihydrocholesterol at 70 °C. Figure 2C shows a
high resolution image of magnetite after reaction with fatty acids
at 70 °C, which is consistent with the XRD and Mdssbauer
spectroscopic results indicating that no new phase appeared in
the experiments.
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Méssbauer spectroscopy and stoichiometry of M265h
and M5Y

The Mossbauer spectroscopic profile data points of M265h
and M5Y were plotted as error bars representing standard
error (Dyar et al., 2007). A paramagnetic phase, a magnetic
sextet and a greatly broadened line of SP component for
magnetite were fitted for both samples (M265h and M5Y in
Fig. 5). The paramagnetic phase (with § = 0.33 and 0.42 mm s,
Table 1) could be assigned to an ‘intermediate ferrihydrite’
reported by Kukkadapu et a/. (2003). The sextets with larger
d-values (0.66 and 0.35 mms?! for M265h and M5Y,
25+ in the B-site, and the
broadened lines that gave smaller d-values (0.28 and

respectively) were assigned to Fe

0.31 mm s for M265h and M5Y, respectively) were assigned
to be the SP component for those spectra recorded at room
temperature (Table 1). The A-values of B sites were close to
those of bulk magnetite (e.g. De Grave ez al., 1993) whereas
those of A sites (-0.27 ~ —0.26 mm s7!) were significantly
smaller than the bulk magnetite (~0.00 mm s1). Based on the
ratio of B to A site from Mossbauer spectroscopy fitted areas,
which is a sensitive measure of the stoichiometry (Daniels &
Rosenswaig, 1969), the cations per formula units (p.f.u.) of
M265h and M5Y were calculated to test for their departures
from stoichiometry (Peev, 1995; Voogt et al., 1999) (Table 1).
The ferrihydrite doublets accounted for 33% of total iron in
MB5Y (Table 1), which is fairly constant with the percentage of
amorphous component of M5Y calculated by XRD profiling
(36 £ 3%).

Decomposition of complex organics by fresh biogenic
magnetite

The FAME mixture incubated with magnetite included saturated,
monounsaturated, polyunsaturated, branched fatty acids of
cither trans- or iso-geometries with carbon numbers from 8-
24 (Fig. 6B). At 70 °C, the FAMEs were totally decomposed
after reaction with fresh SP magnetite with no FAME peak
detected by GC-MS. For FAME mixture reacted with SP
magnetite at 37 °C, 15 of 45 FAME:s survived the reaction
whereas all those having carbon numbers less than 17
disappeared (Fig. 6A). As a comparison, FAME mixture
reacted at 37 °C with SD magnetite produced extracellularly
by CI at 55 °C had 26 FAME:s survived with all those having
carbon numbers less than 14 disappeared (Fig. 6C). The
relative abundances of fatty acids with different carbon
numbers and varied structures changed as a result of their
heterogeneous reactivities to magnetite. For example, fatty
acid 18 :1w9c was 1.27% in the fresh mixture, which
increased to 20.34% after reacting with SD magnetite and
became 15.44% after reacting with SP magnetite at 37 °C;
fatty acid 22 : 0 was 6.69% in the fresh mixture, increased to
15.12% after reacting with the SD magnetite and became
24.44% after reacting with SP magnetite at 37 °C. Fatty acid
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Fig. 4 XRD patterns of M5Y (A) and M265h (C) and the Nelson-Riley functions used to extrapolate the lattice constants at 90° Bragg angles for M5Y (B) and M265h

(D). The XRD pattern showed no new mineral in the aged culture.
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Fig. 5 Room temperature Mossbauer spectra of magnetite precipitated in BrY
cultures after 265 h (M265h) and 5 years (M5Y) storage anaerobically.

17 : 0 was 1.41% in the fresh mixture, which decreased to
0.88% in the SD magnetite and was under the detection limit
after reacting with SP magnetite at 37 °C. Some fatty acids,
such as 18 :0, 10Mel8: 0 just changed slightly in their

percentage compositions after reacting with SP- and SD
magnetite crystals at 37 °C.

DISCUSSION

Incomplete mineral transformation induced by bacterial
iron reduction

Although powder XRD patterns showed magnetite to be
the only crystalline phase in both M265h and M5Y for
BrY experiments (Fig. 4A,C), the Mdssbauer spectroscopic
structures indicated an incomplete transformation of the
precursor ferrihydrite to magnetite (Fig. 5). The amorphous
component observed for M265h accounted for 36% of the
total area of the XRD profile, a result that correlated well with
Massbauer spectroscopy, which yielded 39% FHO for M265h
(Table 1). Mossbauer measurements of extracellular magnetite
in the other IRB cultures also indicated the presence of a
non-magnetite Fe(III)-precursor phase at the end of the
experiments (3.4-10.3%). Wet-chemical analysis of extracted
biogenic magnetite precipitated by S. algae strain BrY and
Thermoanaerobacter TOR39 yielded Fe(I1T) /Fe(II) as high as
2.3 and 2.4, respectively. Similarly, wet-chemical analyses of
Fe(II) /Fe(11I) ratios in magnetite produced by the other IRB,
such as Shewanella putrefaciens strain CN32 and Geobacter
metalliveducens strain GS-15 also demonstrated significant
deviations from magnetite stoichiometry. It is obvious that the
chemistry of aqueous part and the solid part still evolves after
the cessation of biological activity.

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd



28 Reacted with SP magnetite |

24

20

16

12

il

Fresh FAME profile |

24
20

16

et s I

18 : 1w9c¢
22

Relative Abundance (%)

C | Reacted with SD magnetite |

20

el

&~

SN
P IR N NI N NI N |

'ﬁrlF',hWH |

Retention Time

P - |
L L |

(=}

Fig. 6 Profiles of FAME mixture after reacted with biogenic magnetite crystals
anaerobically. (A) FAMEs reacted at 37 °C with SP magnetite produced by BrY;
(B) the profile of original FAME mixture; (C) FAMEs reacted at 37 °C with SD
magnetite produced by Thermoanaerobacter strain C1.

The degeneration of Fe(ll)-excess magnetite to Fe(ll)
depleted composition

The iron ratio of B to A site from Mossbauer spectroscopy
is a sensitive indicator of the Fe(III)/Fe(II) ratio and
stoichiometric composition of magnetite (e.g. McCammon
et al., 1986; Aragdn, 1992; Voogt et al., 1999; Zhang et al.,
2000). The ratio of the relative areas of B to A for M265h is
larger than the 2.00 (after recoilless fraction calibration) of
stoichiometric magnetite, indicative of excess Fe(II) (1.015
p.f.u Fe(I1)) in its structure (Table 1), and in agreement with
crystal-chemical compositions of magnetite precipitated in
Shewanella cultures (Kukkadapu ez al., 2005; Hanzlik ez al.,
1996). However, the B to A ratio of M5Y was significantly
lower than 2.00 (Table 1), which implies Fe(II) depletion in
the B-site (Fe(II) = 0.419 p.f.u.) without any transformation

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd

Degeneration of biogenic SP-magnetite 31

in mineralogy, as
(Fig. 4A,C).

The LC of M265h is larger than that of the theoretical value
for standard stoichiometric magnetite (8.3967A of Fe;O,,
Zhang & Saptathy, 1991) because of the incorporation of
excess Fe(II) cation with a large Goldschmidt radius (0.92A)
in the octahedral coordinated site; conversely, the LC of M5Y

also indicated by XRD patterns

is smaller than the stoichiometric magnetite because of the
replacement of Fe(II) cation by Fe(III) cation with a small
radius (0.785A) in the octahedral coordinated site (Shannon,
1976). The shift of crystal-chemical composition of magnetite
was corroborated by high-resolution TEM observation of
aged magnetite produced by BrY and the Shewanella strain
PV4, which shares the same physiology and behaviour of
magnetization (Fig. 3). The corona (A areain Fig. 3) represents
a portion of magnetite with a modified Fe(II)/Fe(III) com-
position. The corona (A area) and the major part (B area) were
obviously two parts of one single crystal because they share
continuous set of lattice fringes parallel to line a (Fig. 3). The
presentation of two sextets of Mossbauer hyperfine parameters
(Table 1 and Fig. 5) indicated the magnetic-ordered phase is
still magnetite. Moreover, the TEM results did not support
the formation of new FeOOH species, which typically exhibit
acicular-like morphologies.

It is indicated that after 5 years storage, the magnetic com-
ponents increased about 6% (Table 1). The increase could be
the result of the continuing magnetization of ferrihydrite
through a nucleation mechanism (reaction 2), which is ther-
modynamically favoured because of the high concentration of
soluble Fe(II), neutral or higher pH and activated ferric iron
oxyhydroxide. The oxyhydroxide in M5Y had high A-value
(0.94 mm s7!), indicating a highly distorted Fe(II11)-O octahedral
micro-environments resulting from the soluble Fe(IT) aided
dissolution of ferrihydrite.

An interesting observation of this study is that the degener-
ation of this magnetite could be coupled with the decomposi-
tion of organic compounds (Fig. 6). Structural Fe(II) in synthetic
magnetite treated with H, at elevated temperatures (McCam-
mon ¢t al., 1986; Tamaura & Tabata, 1990; Zhang ez al., 2000)
has been demonstrated to be a strong reductant. In this study,
the decrease of LC (8.4164A to 8.3419-8.3609A) after reacting
with magnetite similarly suggests that some of the FAME
components may serve to oxidize the Fe(II) component in
magnetite. The degeneration of Fe(II)-excess magnetite could
be the hydrolysis of Fe(II) on the lattice of magnetite follow-
ing a nucleation of those magnetite, as indicated in reaction 2.
The Fe(Il)-excess magnetite (Fe3*[Fe®*Fe?*| 5,]10,) can be
rewritten as [Fe;O03-(FeO); 5, ](FeO)gy,5, (0 < 81 and 62 < 1).
81 represents Fe(II) cations more than stoichiometric Fe;O,
does, and 82 means a little more Fe(II) will be further oxidized
to reach a stable composition (Fe; 5,0,). The excess FeO in
magnetite is a strong reducing agent (e.g. Tamaura and Tabata
1990; Zhang ez al., 2000) that is able to reduce carboxylic
acids leading to the formation of alcohols:
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6FcO + CH,(CH,),COOH + H,0 —
2Fe;0, + CH,(CH,),,,OH

n=0, 1, 2 and so on. This is an abiotic, anaerobic oxidation
mechanism that transforms the Fe(II)-rich surface spheres of
SP magnetite into compositionally stable magnetite by getting
oxygen from water and /or organic molecules. The production
of alcohols has been observed in cultures of thermophilic IRB
(e.g. Wiegel & Ljungdahl, 1981; Wagner & Wiegel, 2008);
whereas the shift of Fe(III)/Fe(II) composition of magnetite
may be supported by observation of the low-temperature
transformation of bacterial magnetite to maghemite below the
iron redox boundary in pelagic sediments from the western
equatorial Pacific (Smirnov & Tarduno, 2000). Based on the
thermodynamic data in Amend & Shock (2001), the formation
of magnetite rather than FeOOH species in reaction 3 is a
thermodynamically favoured process. This assumption is
supported by the lack of FeOOH species on the surface of
magnetite crystals as indicated by XRD and TEM observations.
Reactions 2 and 3 indicated an inevitable oxidation of
biogenic Fe(II)-excess magnetite even under strictly anaerobic
conditions.

Stability limit of Fe(ll)-excess SP magnetite

The Fe(II)-excess characteristics of the biogenic SP magnetite
is clearly distinguishable from magnetite crystals produced
inorganically because microbial reduction of Fe(III) can
maintain a high-soluble Fe(II)/Fe(III) ratio in cultures (~30
tolds by BrY and ~100 folds by TOR39) at neutral to high pH
conditions. We suggest that the cessation of microbial activity
may, in part, be responsible for the degeneration of Fe(II)-excess
magnetite. High concentrations of dissolved Fe(II) in neutral
and higher pH solutions are unstable, undergoing oxidation
to Fe(III) and subsequent hydrolysis (e.g. Kim et al., 2003;
Roh ¢t al., 2003). During the growth of microbes, Fe(III) is
reduced to Fe(II), and both soluble and structural Fe(II) can
be stabilized by the maintenance of favourable Eh conditions
and reductive enzymes created by cell growth. After the
cessation of microbial growth, the cell and exopolymers
undergo decomposition, and the microenvironment may
become less stable for dissolved Fe(II) as well as Fe(II) in the
lattice of SP magnetite. Because magnetite is the end product
of bacterial reduction of ferrihydrite (e.g. Lovley, 1990;
Fredrickson ez al., 1998; Lloyd et al, 2000), the further
reduction of biogenic magnetite (Kostka & Nealson, 1995;
Dong et al.,2000; Kukkadapu ez al.,2005) should not happen
to the newly precipitated crystals under the not-yet changed
condition. The aqueous oxidation of Fe-excess magnetite
results in a Fe(III)-rich, more chemically stable magnetite in
non-sulfuric environments at neutral or higher pH (Canfield
et al., 1992). Therefore, the observed dissolution of biogenic
magnetite (Tarduno, 1995; Hilgenfeldt, 2000; Snowball, 1993)
might be a consequence of several combined biological and

geochemical processes. For example, under neutral or higher
pH conditions, the biogenic SP magnetite might be oxidized
to a composition with low Fe(II) in the structure (this study)
or even to maghemite (Smirnov & Tarduno, 2000), which
would be bioavailable again for IRB and could be biologically
reduced (e.g. Dong ez al., 2000) and reprecipitated to siderite
(e.g. Kukkadapu et al., 2005).

According to Sarda et al. (1987) and Antony ez /. (2006),
the specific surface area of 13 nm magnetite grains might be
as high as 75 m? g1, but the surface area decreases to about
12 m? g1 when the grain size is around 80 nm. The SD mag-
netite precipitated in Thermoanaerobacter sp. (TOR39 and C1)
cultures at thermophilic temperatures (Zhang et al., 1998)
and those precipitated by magnetotactic bacteria have larger
particle sizes (¢. 50 nm to 120 nm) (e.g. Bazylinski & Moskowitz,
1997; Kim et al., 2005; Pan et al., 2005) that have much
lower specific surface areas and surface energies and hence are
lower in chemical reactivity. In natural sediment, SD size
magnetite crystals produced by magnetotactic bacteria dominate
the biogenic magnetic particles in sediments, which can even
be preserved for long geological time (e.g. Chang & Kirschvink,
1989; Kopp & Kirschvink, 2008). Consideration ofits instability,
the SP magnetite might finally be transformed to siderite without
the coexistence of magnetite (Mortimer et al., 1997; Sawiki &
Brown, 1998).

CONCLUSIONS

The magnetite precipitated by the metabolism of iron-reducing
bacteria at mesophilic or psychrophilic temperatures is a typical
nano-material that is characterized by its ¢. 13 nm particle size
with superparamagnetic behaviour and high chemical activity.
The freshly precipitated magnetite has a characteristic Fe(II)-
excess stoichiometry and a larger LC than that of stoichiometic
magnetite. After years of storage at room temperature, the
composition degenerates to a Fe(II)-deficient crystal-chemistry
with a smaller LC. This variation results from the aqueous
oxidation of Fe(II) in the solution and Fe(II) in the lattice of
magnetite. Oxidization of biogenic SP magnetite is evidenced
by the high-resolution TEM observation of the corona
structure on the original magnetite. This process follows the
cessation of the bacterial activity, which can maintain a stable
condition for Fe(II) at neutral and higher pH conditions. An
oxidant for the Fe(II) component in magnetite could be
various organic components that were present in the initial
solutions that utilize the electrons from Fe(II). The Fe(III)-rich
magnetite degenerated from a Fe(II)-rich composition under
anaerobic condition is chemically stable but can be enzymatically
reduced by iron-reducing bacteria. These findings may help
explain why superparamagnetic magnetite is seldom preserved
in the surface biosphere. The high activity of the biogenic
superparamagnetic magnetite to organics suggests that it can
serve as an electron donor for buried organic carbon, which
ultimately provides another link in the Fe-C cycle.
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