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Microbial Synthesis of Cobalt-Substituted Magnetite
Nanoparticles by Iron Reducing Bacteria
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ABSTRACT : The use of bacteria as a novel biotechnology to facilitate the production of nanoparticles is
in its infancy. Cobalt-substituted magnetite nanoparticles were synthesized by a thermophilic iron(IlI)
-reducing bacterium, TOR-39, under anaerobic conditions using amorphous Fe(TT) oxyhydroxides plus cobalt
(Co™ and Co’) as an electron acceptor and organic carbon as an electron donor. Microbial processes
produced copious amounts of nm-sized cobalt substituted magnetites. Chemical analysis and X-ray powder
diffraction analysis showed that cobalt was substituted into biologically facilitated magnetites. Microbially
facilitated synthesis of the cobalt-substituted magnetites may expand the possible use of the specialized
ferromagnetic particles.
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Introduction

Synthetic or substituted powder magnetites are
generally prepared either conventionally by solid
phase reaction or by wet methods (Sidhu er
al.,1978; Schwertmann and Murad, 1990; Di-
amandescu et al., 1998; Petrovsky et al., 2000).

Solution synthesis techniques can produce fine,
high purity, stoichiometric particles of single and
multi-component metal oxides (Diamandescu et
al., 1998). Mechanical processing such as
high-energy milling, has been used to produce
various glassy and metastable materials (Ding et
al., 1998; Petrovsky et al., 1996). The incor-
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poration of Co(Il) and Ni(Il), and Cr(Ill) into
magnetite, Fe;O4, with the inverse spinel-related
structure has been of interest because of the
magnetic, electric, and physical properties of the
substituted magnetites (Sidhu er al., 1978; Di-
ammandescu ef al., 1998; Berry et al, 1999).

Chemical preparation of magnetite in the
laboratory typically relies on experimental re-
gimes utilizing high temperature, high pressure,
and high pH (Diamandescu et al., 1998; Berry
et al., 1999; Ishikawa et al, 1998). A further
difficulty of inorganic synthesis is the prepara-
tion of particles exhibiting homogeneous shape
and size. Mechanical milling requires high
energy for the synthesis of amorphous and other
non-equilibrium materials. Wustite and maghe-
mite are also expected to be formed during the
milling of mixtures of Fe and Fe,O3(Ding et al.,
1998). Ball milling has been attributed to
decreasing grain size of the final product (Ding
et al., 1998).

In contrast to purely chemical procedure for
the manufacture of magnetite particles, microbial
reactions are characterized by their selectivity
and precision for magnetite formation (Roh and
Moon, 2000). Although the inorganic synthesis
of magnetite and metal-substituted magnetite
have been extensively examined (Sidhu er al.,
1978; Schwertmann and Murad, 1990; Di-
amandescu ef al.,, 1998), little is known about
the microbial processes facilitating the formation
of metal-substituted magnetite (Fredrickson et
al., 2001). The objectives of this study were to
biologically faciliate the synthesis of cobalt-
substituted magnetite using Fe(lll)-reducing bac-
teria and to mineralogically characterize the
synthesized magnetite nanoparticles.

Materials and Methods

The procedure for biologically facilitated pro-
duction of cobalt-substituted magnetite is sche-
matically shown in Figure 1. Magnetite precursors,
amorphous iron oxyhydroxides (FeOOH), were
prepared by slowly adding a 10 M NaOH solu-
tion into a 0.4 M FeCl,-6H,O solution with

rapid stirring (Roh and Moon, 2000). The final
pH of the precipitated slurry was 7.0. The pre-
cipitated precursors were washed three times
with deionized water using a centrifuge to clean
residual ions such as sodium and chlorine. The
supernatant was decanted after washing and
deionized water added to the wet precursors to
make the final amorphous iron hydroxide
solution (~0.7 M). The final precursors were
flushed with N, gas, autoclaved, and stored
aseptically under N, gas for use in experiments.

The thermophilic iron-reducing bacteria (TOR-
39), Thermoanaerobacter ethanolicus, was isolated
from a shale formation at about 3 km depth
from the Taylorsville Triassic Basin in Virginia,
USA (Liu et al., 1997). The thermophilic iron-
reducing bacteria (TOR-39) was grown at 65T
under a N, atmosphere and then inoculated into
a basal medium. Microbial synthesis of the metal-
substituted magnetite was performed using a
basal medium with large culture vessels (16-L
of medium in a 20-L bottle or 8-L medium in a
13.25-L glass bottle) at 65C. The medium had

0.4M FeCl; + 10M NaOH
pH = 7.0

{

Precipitation of Magnetite Precursor
(Poorly crystalline amorphous iron oxyhydroxides)

1
Recovery/Washing/Autoclave for Microbiological Use
1

Inoculation of TOR-39, Cobalt [CoCl, or Co(IlI)-EDTA] and
Appropriate Electron Donors into Basal Microbiological Media
including Minerals and Vitamins

{

Incubation in Dark at Appropriate Temperature for 7 to 30 days
(For TOR-39, we typically use 657TC)

!
Recovery and Washing of the Synthesized Magnetite Powders
1

Characterization (Mineralogy, Morphology, Chemistry,
and Magnetic Properties)

Fig. 1. Procedure for the microbial synthesis of the
trace-metal incorporated magnetite.
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the following ingredients (g/L): 2.5 NaHCOs,
0.08 CaCl,-2H;0, 1.0 NH4CI, 0.2 MgCl,- 6H;0,
10.0 NaCl, 7.2 HEPES (hydroxyethylpiperazine-
N’-2-ethanesulfonic acid), 0.5 yeast extract, 1.0
ml of rasarzurine (0.01%), and 10 ml of Oak
Ridge National Laboratory (ORNL) trace minerals
and 1 ml of ORNL vitamin solutions (Phelps et
al., 1989). No reducing agents were added to
the medium. The medium was prepared under
N, gas and had a final pH of 8.0~8.5.

Sterile magnetite precursors, amorphous Fe(III)
oxyhydroxide (final concentration=70 mM), was
added as an electron acceptor and sterile glucose
(10 mM) or lactate (10 mM) was added as an
electron donor. Substituting metal included reduci-
ble Co’* and non-reducible C02+species. Sterile
substituting cobalt such as cobalt(Il)-EDTA
(final concentration=1, 4, 6, 10 mM) and cobalt
chloride (concentration=1, 4, 6, 10 mM) were
added together with the amorphous iron oxyhy-
droxides (final concentration=70 mM) (Table 1).
Experiments were performed at 65°C and termi-
nated after a minimum of 7 days to a maximum
of 30 days of incubation. During the incubation,
subsamples were taken at different times using
sterile syringes and needles to monitor medium
pH and mineralogical changes. Strong pH buffers,
such as HEPES and NaOH, were used to main-
tain the solution pH of 8.0~8.5.

The final synthesized products were washed
three times by repeated cycles of centrifugation

Table 1. Cobalt to iron mole ratios used for the
microbial synthesis of cobalt-substituted magnetite.*

Metal .t
Metals . Mole ratios
concentration

1 mM 0.014
Co(I1D), 4 mM 0.054
Co(III)-EDTA 6 mM 0.079
10 mM 0.125
1 mM 0.014
4 mM 0.054
Co(Il), CoCl, 6 mM 0.079
10 mM 0.125

* FeOOH (amorphous iron oxyhydroxide) concentration

=70 mM
! (metal)/(metal + FeOOH)

and redispersion in deionized water and once
with acetone as a final step, and then stored in
vacuum before characterization. The mineralogical
and morphological characteristics of the precipi-
tates were investigated using a Scintag XDS
2000 X-ray diffractometer (XRD) and a Hiatchi
S4500A scanning electron microscopy (SEM)
with energy dispersive X-ray analysis (EDX).
Microbially-synthesized — magnetite with Co
(Co:Fe ratio=1:70) was mounted in epoxy and
polished in order to analyze the interior of sev-
eral particles by electron microprobe analysis
(EMPA) (JEOL, Tokyo). This analysis confirmed
that the metals were incorporated into the crys-
tallites, and not merely adsorbed onto their
surface.

Synchrotron X-ray powder diffraction analysis
was also used to investigate the metal substitu-
tion into microbially synthesized magnetite. Syn-
chrotron X-ray powder diffraction data were
collected on beamline X14A at the National
Synchrotron Light Source at Brookhaven National
Laboratory, USA. To reduce the systematic
errors attributed to preferred orientation and
inadequate powder averaging, the samples were
loaded into 0.1 mm thin walled glass capillaries
and continually rotated. One magnetite sample
synthesized with Co (Co:Fe ratio=6:70) ) were
examined. X-ray powder diffraction data at 7.092
KeV and 15 KeV were collected. The program
GSAS (General Structure Analysis System)
(Larsen and Von Dreele, 1994) was used for
Rietveld refinements and calculations of the
powder patterns wusing magnetite structure
(Wechsler et al., 1984).

Results and Discussion

Figure 2 shows the changes in Eh and pH
after 7~ 14 days of incubation at 65C. The pH
and Eh of the medium was 8.6 and 40 mV,
respectively. The pH typically decreased to 7.5
during 2-week incubation. The Eh of the initial
medium decreased from ~40 mV to between
-200 mV and -300 mV upon incubation with
the metal reducing microorganisms. Measured
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0.1 (Fe2] = 104 Hematite [
0.0 B
-0.1- Starting pH and Eh |

Eh (Volts)

pH
Fig. 2. Eh-pH stability fields for hematite, magnetite,
and siderite in the water-iron-CO, system at 25T

and 1 atm pressure (modified from Roh and Moon,
2000).

pH and Eh are consistent with the thermo-
dynamic stability of magnetite formation (Roh
and Moon, 2000). The decrease in pH is due to
glucose fermentation that producing organic
acids and CO, (Zhang et al., 1997, 1998).
Figure 3 shows XRD patterns of the materials
precipitated by microbial cultures with differing
quantities of cobalt (Co3+and Co™) plus amor-
phous Fe(Ill) oxyhydroxides. The culture medium
also included the Fe(Ill)-reducing bacteria (TOR-
39) and lactate (10 mM) or glucose (10 mM) at
65T. Biologically facilitated magnetite was
observed to incorporate reducible cobalt (Co(III)-
EDTA) (Fig. 3a) and non-reducible cobalt (CoCl,)
(Fig. 3b) with amorphous iron oxyhydroxides.
The addition of certain concentration (10 mM)
of CoCl, and Co(IlI)-EDTA with the magnetite
precursor suppressed the nucleation and crystal
growth of magnetite. Some of the magnetite
precursors at the elevated concentrations re-
mained as a poorly crystalline iron hydroxide,
akaganeite (FeOOH) (Fig. 3). The suppression
of magnetite formation (Fig. 3) at the concen--
trations of 10.0 mM Co may have been due to
inhibition of bacterial growth at these trace
metal concentrations (Zhang et al., 1996). Mag-
netite did not form in control bottles containing

M: Magnetite
A A: Akaganeite
M
M N h
l mM Co(lll) 1
e
4mM Coll) 1
h—‘s‘ h oy
§ mM Cadllt J J ’
10 mM C:
m o(lll) R
A
10 2 3 40 50 & 70
2 Theta (Degree)
M
B M
M

1 mM Co(Il) J.
ooy
4 mM Co(Il)
T l dh
6 mM Co(Il)
St
10 mM Co(11)

T T T

16 20 30 40 50 60 70

2 Theta (Degree)
Fig. 3. X-ray diffraction patterns of the products at
different quantities of metals with amorphous iron
oxyhydroxides: (a) Co(lll)-EDTA (1, 4, 6, 10 mM)
and (b) CoCh (1, 4, 6, 10 mM).
magnetite precursor and substituting metals
without cells.

Scanning electron micrographs of the co-
substituted magnetites showed that octahedral
shaped magnetite crystals coexisted with poorly
crystalline magnetite crystals (Fig. 4a). EDX
analysis of the magnetites incorporation with Co
(Co:Fe=1:70) showed that Co was not differentiate
from Fe peaks throughout the magnetite par-
ticles (Fig. 4b). EMPA analysis of the micro-
bially-synthesized magnetites with Co (Co:Fe=
1:70) correlated with EDX analysis of that
sample and showed that ~0.6 % (wt.%) of Co
was present throughout the particle interiors,
representing substitution for about 1% of the Fe
in the magnetite structure (Table 2). The Co:Fe
ratio of 1:70 is in good agreement with the
chemical composition of the synthesized material
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Fig. 4. Scanning electron micrograph (a) and the
energy dispersive X-ray analyses (b) of Ni-incor-
porated magnetite. Residual salt from microbial
media coexisted with magnetite crystals.

(Co/Fe=1.4%). The total Fe content of the
magnetites was lower than the Fe content of
magnetite standards (Table 2). This discrepancy
could be due to the presence of strongly adsor-
bed water because a small quantity of water is
retained by the synthetic magnetite. The samples
prepared in this study were dried at room
temperature under anaerobic conditions because
drying at higher temperatures (> 100C) in air
resulted in the oxidation of magnetite to maghe-
mite or hematite (Sidhu er al, 1978). X-ray
powder diffraction patterns collected at 7.092
KeV and 15 KeV showed that the unit cell
parameter (Table 3) of the Co-substituted magn-
etite is slightly smaller than that of magnetite
(Fe3O4) (a=8.394 A) (Fleet, 1981), which is con-
sistent with the smaller octahedral ionic radii of
Co™ (0.72 A) compared with Fe** (0.78 A)
(Shannon, 1976).

Table 2. Electron microprobe analysis of cobalt
substituted magnetite

No. of

Total analysis

Sample Fe | Mn| Co | O

Element Wt.%

Magnetite with Ca 65.32| 0.06 | 0.66 | 25.9 |91.94
(CoFe=1:70)  |(2.49){(0.05)|(0.11)|(1.47)|(3.93)| 5

Magnetite 72.63| 0.1 | 0.1 |27.16(99.99 3

Standard ©.23)| (0 | (O [(0.55){(0.78)
Values quoted are the mean and standard deviation for
the number of individual spot analysis shown

Table 3. Unit-cell
synthesized with Co

parameters of the magnetite

Sample
7.092 keV 15 keV
Magnetite with Co 8.3880(2) 8.3868(2)

(Co:Fe=6:70)

Maintaining media pH between 6.9 and 8.5
by using pH buffers such as HEPES and NaOH
during bacterial growth and magnetite produc-
tion is important for the biologically facilitated
magnetite production using TOR-39. The Fe(Il)-
reducing bacterium produces organic acids during
glucose fermentation lowering the pH substan-
tially if the medium is not well buffered (Roh
and Moon, 2000). If the pH becomes too low
(i.e., < 6.0) magnetite will not form because the
high proton concentrations may favor the disso-
ciation of magnetite to Fe(OH)s.

X-ray diffraction (XRD) and scanning electron
microscopic (SEM) analysis showed that the
iron-reducing bacterium formed magnetite and
that the inclusion of cobalt did not change the
phase morphology. The details of the biological
reduction and mineralization process are not yet
fully understood (Roh and Moon, 2000; Lovley,
1991, 1993). The Eh-pH diagram shows that
cobalt-substituted magnetites are precipitated and
mineralized by alternation of the Eh and pH
conditions, thereby creating conditions of super-
saturation with respect to a mineral phase.
Magnetite formation is the result of biologically-
mediated mineralization; that is, the organisms
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may alter the local Eh and pH conditions which,
in turn, shifts local mineral solubility equilibria,
potentially facilitating magnetite nucleation and
formation of magnetite particles on or near the
exterior surface of the cell (Roh and Moon,
2000; Siering, 1998). Despite the existence of
appropriate conditions for magnetite formation
(e.g., Eh and pH), magnetite did not formed in
control samples without bacteria. This means
that the formation of extracellular deposits of
magnetite seems to be controlled by both solu-
tion chemistry and bacterial nucleation action
(Roh and Moon, 2000). Direct contact between
cell and oxide surfaces may be necessary for
microbial respiration and reduction (Lovley and
Phillips, 1988).

Chemical and X-ray powder diffraction anal-
yses support that the cobalt could be directly
incorporated into the magnetite crystal structure.
It is unclear how magnetite crystals nucleated
and grew, and how trace metals are incor-
porated into magnetite during the biominer-
alization by the TOR-39 culture. Although the
exact mechanism is currently unknown, TOR-39
appears to have caused the formation of trace
metal-incorporated magnetite by enhancing the
reduction of Fe’' and cobalt via electron transfer
from organic carbon oxidation. TOR-39 isolated
from the deep subsurface has the ability to
reduce Fe(Ill) and other heavy metals such as
Cr(VID), Mn(IV), and Co(Ill) from solution (Roh
and Moon, 2000; Zhang et al., 1996). The solid
phase conversion of amorphous iron hydroxides
is in accordance with the strong sorption of
metals to amorphous iron hydroxide. The reduc-
tion of cobalt (Co’") by iron-reducing bacteria,
and the incorporation of other metals (Co®")
added as reduced forms may be adsorbed on
iron oxides in alkaline media and may also be
incorporated into iron oxide structure during
their crystallization (Comell and Schwertmann,
1996). These adsorbed trace metals may be
incorporated into magnetite and become a part
of the crystals as magnetite crystal growth
continues. The cobalt metal may be directly
incorporated into the magnetite crystal structure

when the thermophilic iron-reducing bacteria
formed magnetite because the ionic radii, electro-
negativities, and solubility products of Co*" is
very similar to those of Fe2+(Goldschmidt,
1954).

In this manner, biosolid-state reactions can
establish the formation of metal-suibstituted
magnetite under conditions of low temperature
(<707C), ambient pressure, and at pH values
near to neutral to slightly basic (pH <9). Fur-
thermore, precise biological control over the
activation and regulation of the solid-state proc-
esses can result in magnetite particles of well-
defined size and crystallographic morphology.
The advantages of biologically-faciliatated produc-
tion of metal-substituted magnetites may include:
(1) particles can in principle be grown to a size
that would not be feasible if the particles
formed inside the cell; (2) the bacteria do not
need to die in order for the product to be
harvested; and (3) agitation, fluid flow, or mag-
netic forces may be capable of dislodging the
particles when they reached a desired size.
Knowledge bio-solid
processes may be important in the development
and design of submicron-sized ferromagnetic
materials.

concerning such novel

Conclusions

Cobalt-substituted magnetite powder was syn-
thesized by microbiologically mediated iron
mineralization under low temperature conditions
(<757C). Microbial synthesis of cobalt-substi-
tuted magnetite formation was influenced by
chemical milieu and metal concentrations. The
biological process rapidly produces copious
amounts of nm-sized cobalt-substituted magnetite
particles which may expand the possible roles
and utilities of nm-sized magnetic minerals. It is
unclear how the magnetite crystals grow or
precise mechanisms by which the trace metals
were incorporated into magnetite during the
biomineralization processes. These biosolid-state
reactions may represent novel solid-state proc-
esses and potentially useful to the development

— 116 —



Microbial Synthesis of Cobalt-Substituted Magnetite Nanoparticles by Iron Reducing Bacteria

and design of submicron-sized ferromagnetic
materials.
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