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Structural Investigations of Biogenic Iron Oxide Samples.
Preliminary Results

Some preliminary results on morphology and structure of iron oxide particles
formed inside Klebsiella oxytoca bacteria are presented. In particular, by means of
optical microscopy, scanning electron microscopy and small-angle X-ray scattering
the effect of the bacteria age (the duration of growth) on the nanoparticles properties
is studied.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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INTRODUCTION

Intense research interest to nanoparticles is motivated by their unique physical
properties, which are intermediate between the molecular level and the properties
of the corresponding bulk materials. Studies of nanoparticles are important both
from fundamental and technological points of view [1Ä3]. The particular scientiˇc
interest to magnetic nanoparticles is due to wide prospects of their technological
applications in high density magnetic recording media, permanent magnets, mag-
netic refrigeration, magnetic sensing, etc. Biogenic iron oxides particles [4Ä6]
make a separate class of magnetic nanoparticles that is of special interest for
biomedical applications.

Of at least sixteen iron oxides distinguished in chemistry [7], ferrihydrite is
one of the most important due to its rather wide spread in organic and mineral mat-
ter. It can be synthesized by rapid hydrolysis of Fe(III) solution, and its chemical
formula is generally presented as Fe5HO8 · 4H2O, also written as 5Fe2O3 · 9H2O
or as Fe2O3 · 2FeOOH · 2.6H2O [7Ä9]. Ferrihydrite is often present in soil and
water systems [10] and is an essential ingredient in many industrial applications,
metallurgy, in particular [11, 12]. It is encountered in many living organisms,
bacteria, plants, ˇsh and animals as well as in humans [13]. There it dwells in
the form of ferritin: a mineral-protein complex that mainly serves for storage of
iron that is excessive at the moment but might be needed and used immediately
when iron gets in deˇciency. There is some evidence also to the effect that
ferritin plays an important role in maintaining a correct immunological assay of
living organisms [14Ä16].

The precise structure of ferrihydrite is still a subject of debate. Two types
of material are commonly called ferrihydrite: 2-line ferrihydrite (sometimes mis-
leadingly termed protoferrihydrite) and 6-line ferrihydrite. These notations refer
to the number of lines in their respective X-ray diffraction patterns. The 6-line
ferrihydrite was identiˇed as a mineral by International Mineralogical Associa-
tion (IMA) since 1973 [17, 18]. The less crystalline 2-line ferrihydrite, on the
other hand, is not believed to be a mineral. In comparison with most minerals,
both 2-line and 6-line ferrihydrites show very broad diffraction lines that makes
it difˇcult to extract accurate structural information. Notably, ferrihydrite only
exists as a nanomaterial, yielding 2Ä4 nanometer crystals when in the 2-line form
and 5Ä6 nanometer crystals when in the 6-line form [19Ä21].
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With its high speciˇc surface area [7], ferrihydrite is a very reactive sub-
stance. It can interact, either by surface adsorption or by co-precipitation, with a
number of environmentally important chemical species, including arsenic, heavy
metals, e. g., lead or mercury, with phosphates and many organic molecules.
Thermodynamically, ferrihydrite is a metastable form of iron oxide and is known
to be a precursor for more crystalline minerals like hematite and goethite [22].

In the present paper we investigate the samples containing biogenic iron
nanoparticles (presumably, ferrihydrite) produced by bacteria Klebsiella oxytoca.

1. SAMPLE PREPARATION

The pelobiont microorganisms, which produce ferrihydrite nanoparticles,
were discovered in sapropel of Lake Borovoe (Krasnoyarsk Region, Russia).
The sample preparation method is described in detail in [5, 6]. Schematically,
the bacteria are extracted with the aid of a magnetic separator and are inoculated
onto an agarized medium where they are cultured under anaerobic conditions
to obtain colonies. The matured biomass is further kept under microaerophilic
conditions on an appropriate medium. There the ferric citrate concentration is
varied from 0.2 to 5 g/l, the yeast extract concentration is maintained at 0.05 g/l,
the benzoic acid is varied between 0.2 and 0.5 g/l. Samples are collected during
the interval from 5 to 90 days after the micro-organisms are inoculated onto the
nutrient medium. Figure 1 shows a micrograph of a bacterium on the 15th day
of cultivating [5].

Fig. 1. The micrograph of the bacterium on the 15th day of cultivating [5]
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The performed XRD-analyses indicate that the obtained particles are poly-
crystalline, have a cubic structure with lattice parameter a = 8.39 �A. The observed
interplanar spacing of biomineral Fe-containing substances suggests the presence
of α-FeO(OH) and β-FeO(OH) [6].

The magnetization data [6] obtained on the dried biomass present a linear
M(H) dependence characteristic of paramagnets or magnetic particles in a su-
perparamagnetic state. In the temperature range 100Ä300 K, the inverse magnetic
susceptibility χ−1 displays linear temperature behavior. The extrapolated value
of Curie temperature Θ = −600 K evidences in the studied nanoparticles the ex-
change interaction of antiferromagnetic type. The Méossbauer spectra of dried cul-
tures show a superposition of several quadrupole doublets due to non-equivalent
states of the Fe ions in the nanoparticulate material [6].

2. EXPERIMENTAL RESULTS

As a result of the growth parameters variation of the micro-organisms (growth
period, light exposure degree, potassium citrate Å ferric citrate rate, etc.), dif-
ferent types of nanoparticles are obtained. Sample A has been separated from
a bacterial biomass grown during 8 days. Sample B has been separated from a
bacterial biomass grown during 21 days. From Méossbauer spectroscopy data it
results that sample A is composed from ferrihydrite (chemical identical) particles.

In this study the morphology and structure of these two samples (A and B)
containing biogenic iron oxide produced by Klebsiella oxytoca are investigated by
means of a number of procedures at different length scales: optical microscopy
with magniˇcation ×102 (Fig. 2); scanning electron microscopy with equivalent
magniˇcation ×4 · 104 (Fig. 3); and small-angle X-ray scattering with resolution
×108 (Figs. 4 and 5).

Fig. 2. Optical micrograph of sample A (a) and sample B (b)
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Fig. 3. SEM images of two samples containing iron oxide nanoparticles obtained by means
of two different methods; sample A (aÄe) and sample B (fÄj)

Under the optical microscope (Microscope type Leica DM IRB), sample A
looks as a polycrystalline object (Fig. 2, a), while sample B looks sponge-
like (Fig. 2, b).

The images in Fig. 3 present the same samples under the JEOL type JSM-840
scanning electron microscope (SEM).

The SEM images reveal structural differences between the samples. Sample A
has grain texture (Fig. 3, a); in Fig. 3, b the enlarged image of one grain is given.
With a higher instrument resolution, in Fig. 3, c small entities on the grain surface
are distinguished. Upon further enhancement of resolution, these entities appear
as multilateral particles or clusters of smaller objects. Sample B has a stratiˇed
and friable branched texture, see Fig. 3, fÄj.
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Fig. 4. Representation scheme of the small-angle scattering setup

The samples were also studied by small-angle X-ray (SAXS) method on
Brucker Nanostar instrument available at the Institute of Synthetic Polymer Ma-
terials RAS, Moscow. The experimental setup used covers the q range of 0.01Ä
0.11 �A−1, see Fig. 4.

The experimental curves obtained from samples A and B reveal in the q
ranges of 0.01Ä0.11 �A−1 and 0.08Ä0.11 �A−1 a power-law behavior I(q) ≈ q−α,
with the exponent α = 2.89±0.01 and α = 3.18±0.01, respectively. This means
that the system has a fractal structure. When 3 < α < 4, the scattered objects
are considered to be surface fractals, the fractal dimension is given by formula
Ds = 6 − α [23]. In the case 2 < α < 3, the scattered objects are identiˇed as
mass fractals with a fractal dimension Dm = α.

For the scattering intensity curve of sample A in the q range 0.08Ä0.11 �A−1

a mass fractal structure with the mass fractal dimension Dm = 2.89 ± 0.01
is obtained. For sample B, the system structure is characterized by a fractal
dimension of Ds = 2.82±0.01 that is speciˇc to highly branched surface fractals.
These conclusions agree with the evidence from SEM images. The maximum
observed on the experimental curve of sample A at q ≈ 0.06 �A−1 (Fig. 5) points
out the presence of nanoparticles with the size about 100 �A that follows from
relation [24]: D = 2π/q, where D is the mean dimension of the inhomogeneity
producing the scattering. If the Guinier's law applies, the scattering cross section
is given by the relation:

dΣ(Q)/dΩ = dΣ(0)/dΩ exp (−R2
gq

2/3), (1)

where, dΣ(0)/dΩ is the scattering at zero angle and Rg is the radius of gyration
of the particle, i. e., the root-mean-square distance of all scattering elements from
the center of gravity. If this approximation holds, the plot ln [I(q)] vs q2 should
be linear in the small q range. With this approximation, the characteristic size of a
particulate system is obtained easily. For instance, for spherical particles, one can
relate the radius of particle R to the radius of gyration by R = (5/3)1/2Rg [25].
By applying to sample A the Guinier's law in the q range of 0.028Ä0.037 �A−1,
one gets radius of gyration as 20.42± 0.01 �A.
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Fig. 5. SAXS experimental curves from samples A and B obtained at Brucker Nanostar
SAXS spectrometer in function at the Institute of Synthetic Polymer Materials RAS,
Moscow

For further investigations, complete information about composition of the
samples is required. We propose SAXS and SANS studies of structural properties
of the bacterial ferrihydrite samples in function of the growth conditions and the
duration of the preparation processes. Comparison of polarized SANS results
obtained on typical antiferromagnetic particles as Cr2O3, NiO and α-Fe2O3 with
those obtained on bacterial ferrihydrite samples would be very informative for
magnetic microstructure investigations [26].
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