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Abstract: Materials

based on biogenic iron oxides, which are a product of the metabolic activities of the neutrophilic iron-oxidizing bacteria
(NIOB) from Sphaerotilus-Leptothrix group, were investigated. Natural microbial probes were collected from freshwater flow from
Vitosha Mountain (Bulgaria) and cultivated under laboratory conditions in respect to select suitable cultures and conditions (nutrition
media) for biomaterial accumulation of biogenic oxides. Samples were studied by physicochemical methods: X-ray diffraction,
Mossbauer spectroscopy and IR spectroscopy. Their phase composition and physicochemical properties were obtained. Presence
of both amorphous and crystal phase (ultra- and highly dispersed particles) was proved. Iron-containing compound in the natural
biomass consists of α-FeOOH. The cultivated materials have more complex composition with iron-containing ingredients as α-FeOOH,
γ-FeOOH, γ-Fe2O3 and Fe3O4. The sample of natural biomass was tested in reaction of CO oxidation and it showed potential to be used
as catalyst support.
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1. Introduction
Biogeochemical rotations are transformations that occur
in the lithosphere and are performed by microorganisms.
All elements undergo strongly determined transformations
in definite order – a given element is mobilized, then it
is used and assimilated from different microbes, and at
the end it is deposited and immobilized. Microorganisms
do all these transformations with the help of synthesized
by themselves enzymes, readily assimilated forms
or under the influence of the substances produced by
the microbes itself into the medium. Chemolithotrophic
bacteria use the energy obtained by transformation
of inorganic compounds especially those containing
the six basic elements - C, H, N, S, Fe and U. From a
thermodynamical point of view the produced energy is
very low. Much more energy is produced by transformation
of organic compounds – heterotrophic metabolism. The

chemoautotrophs use chemosynthesis and produce
complex organic compounds using simple inorganic
ones especially CO2. They obtain the energy necessary
for the process of synthesis by chemical reactions of
organic compounds as well as inorganic ones [1,2].
A large part of the bacteria excrete H2O2 upon
their metabolism but it is toxic for them. Most of the
bacteria have enzymes (catalase and perozidase) which
neutralize/deactivate H2O2. But there are bacteria that
are defective and do not possess such enzymes, namely
the bacteria from Sphaerotilus – Leptothrix group [3-6].
The defence mechanism against the toxic effect of H2O2
for these bacteria is different. They are adapted to live in
the presence of ferrous ions that bind the free H2O2. The
oxidation of ferrous ions results in compounds containing
insoluble in water ferri ions (oxides, hydroxides,
oxihydroxides). These microorganisms are known
as iron bacteria. They were among the first groups of
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Figure 1. Natural habitat of NIOB in Vitosha Mountain (a) and closed container for cultivation of NIOB with the biogenic material seen at the bottom (b).
microbes, recognized for carrying out a fundamental
geological process - the oxidation of iron [7]. At the
beginning of their investigation it was suggested that the
bacteria are typical chemolithotrophic bacteria, which
obtain energy from soluble Fe2+ ions oxidation into
insoluble Fe3+ ions, but now it is clear that oxidation of
Fe2+ is not connected with energy supply. In any case
the insoluble Fe3+ ions are precipitated extracellulary in
the form of sheaths with unique structures [8]. Among
them are twisted stalks (from Gallionella ferruginea) and
hollow microtubes (from Leptothrix ochracea) [9,10].
All these forms have measurement in the micro- and
nanoscale and their wall structure consists of iron oxide
nanospheres.
The attention towards materials produced by
bacteria, fungi, yeasts and even viruses has grown in
the last years [11-14]. Since iron bacteria are natural
cell metabolites no (or at least minimum) energy
consumption is necessary for the synthesis of the iron
containing material. Biogenic iron oxide compounds
pretend to be near future materials with application in
electronics and energetics (new generation electronic
devices, electrochemical sources [13,15,16] and
catalysts), ecology (adsorption of heavy metals,
phosphorus and radionuclides from drinking or industrial
water and soils, soils remediation, air purification [17,18])
and other branches of economy. Countless synthetic
techniques to produce different types of nanosized iron
oxide materials such as hematite, magnetite, goethite,
etc., are used and well established nowadays. Some
of these methods remain expensive, involve the use
of hazardous chemicals or yield insufficient quantities.
Therefore, there is a growing concern to develop
environment friendly and sustainable methods [19] such
as biosynthesis.
There are investigations of different purpose on
such materials, however the results are controversial
in respect to the sheaths formation as well the factors
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that affect their formation [20]. Neutrophilic iron bacteria
from natural and polluted habitats and their ironcontaining products in biomass are studied in Bulgaria
[15,21-24]. Preliminary tests and first results revealed
mixed
oxide/hydroxide-containing
compounds;
nanosized particles with superparamagnetic behaviour;
adsorption capacity and others. This first information
obtained about the biogenic material allowed us to expect
a useful combination of electrical, magnetic, adsorption
and catalytic properties. A consecutive and complete
research on the different physico-chemical and magnetic
properties of this biogenic material is necessary. Also
there is no systematic investigation on the metabolic
abilities of neutrophilic iron-oxidizing bacteria (NIOB),
which would allow manageable production of new
materials by biotechnology development.
In this study, first results from physico-chemical
investigation of biogenic iron oxides, product of the
metabolic activities of the natural isolates (Vitosha
Mountain, Bulgaria) of neutrophilic iron-oxidizing
bacteria, are presented. The results from characterization
of biomaterials obtained from these bacteria cultivated
in different elective nutrient media are given, too.

2. Experimental procedure
2.1. Materials

2.1.1. Natural biomass

The microbial biomass used in this study was collected
from free-flowing water streams at Vitosha Mountain
(Fig. 1a), at an altitude over 1000 meters above sea
level in a three month period. Samples were transported
to the lab, stored at 4oC and then placed in closed
containers (Fig. 1b) in order to create natural habitat for
proper and selective cultivation of NIOB. Thus obtained
material is named “initial biomass” and is used further
in the text.
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Table 1. Composition of nutrient media used.
Nutrient medium

pH

Composition

7

Ferrous ammonium citrate, NH4NO3, K2HPO4, CaCl2, MgSO4•7H2O, distilled H2O

6.8

Mg(HCO3)2 concentrated solution, K2HPO4 traces, MgSO4•7H2O traces,
(NH4)2SO4, distilled H2O, Fe grit, FeSO4, FeCO3, FeCl2

Fedorov

7

(NH4)2SO4, MgSO4•7H2O, KCl, Ca(NO3)2, distilled H2O, Fe grit, FeCO3, FeCl2

Adler

7

Sodium lactate, Yeast extract, Ascorbic acid, MgSO4•7H2O, K2HPO4, distilled H2O, (NH4)2[Fe(SO4)2] •6H2O

Isolation medium
(ISSL)

7

Glucose, (NH4)2SO4, Ca(NO3)2, K2HPO4, MgSO4, KCl, CaCO3, Vitamin В12,
Vitamin B1, distilled H2O, Fe grit, FeCO3, FeCl2

Hay-Isolation
medium

7

Extract from boiled fresh hay, Glucose, (NH4)2SO4, Ca(NO3)2, K2HPO4, MgSO4, KCl, CaCO3, Vitamin В12, Vitamin
B1, distilled H2O, Fe grit, FeCO3, FeCl2

Winogradsky
Lieske

2.1.2. Cultivated biomass

Different nutrient media are used for selective cultivation
of iron bacteria. The media of Adler [25], Winogradsky
[26], Lieske [27], isolation media [28] and Fedorov [29]
are recommended as selective media for cultivation
and isolation of the iron bacteria and were used in our
study. The composition of the used media is complex
with mineral and organic ingredients. The nutrient
media contain different sources of carbon (glucose is
predominantly used), different inorganic compounds as
a source of the main biogenic elements, different growth
factors and sources of microelements required for
bacteria growth and metabolism. The sources of ferrous
ions were varried, too.
The cultivation of the bacteria was carried out in
different vessels like Ferenbach flasks, Roux flasks or
device supplied with a system for additional aeration
of the medium under static conditions at 16°C. After
one month period of the cultivation, the biomass was
collected through decantation, washed with distilled
water and dried at 40ºC for 24 h.

2.2. Methods of investigation

X-ray diffraction (XRD) patterns of the samples
were recorded with a TUR M62 apparatus with PC
management and data accumulation, using HZG-4
goniometer and CoKα radiation. JCPDS database
(Powder Diffraction Files, Joint Committee on Powder
Diffraction Standards, Philadelphia PA, USA, 1997) was
used for the phase identification.
Mossbauer spectral analysis was made using
apparatus Wissenschaftliche Elektronik GmbH, working
in a constant acceleration mode; 57Co/Cr source, α-Fe
standard. The parameters of hyperfine interactions of
Mossbauer spectral components were determined by
computer fitting: isomer shift (IS), quadrupole splitting
(QS), hyperfine effective field (Heff), as well as line widths
(FW) and component relative weights (G).

FTIR spectra of the samples in KBr pellets were
recorded with a Nicolet 6700 FTIR spectrometer
(Thermo Electron Corporation, USA) in the middle
(400–4000 cm–1) and far (250–600 cm–1) regions.
The materials were studied also in diffuse-reflectance
(DR) mode using high-temperature/vacuum chamber
accessory (Thermo Spectra-Tech, USA). DR
spectra were collected in the range 1111–4000 cm–1
since CaF2 windows were used in the measuring
cell.

3. Results and discussion
3.1. Natural biomass sample (“initial biomass”)

3.1.1. X-ray diffraction

The X-ray diffraction pattern of the natural biomass
(“initial biomass”) sample is shown on Fig. 2a. It
reveals a broad halo-peak, which is an indication of
the presence of X-ray amorphous phase. Relatively
intensive, but broad diffraction lines can be seen on this
broad halo. All these reflexes belong to one phase, the
α-polymorphous phase of FeOOH (goethite, α-FeOOH),
according to JCPDS database, PDF 29-0713. Based
on this identification the parameters of orthorhombic
unite cell were calculated: а = 4.641 Å, b = 9.991 Å,
c = 3.032 Å. Mean crystallite size was obtained about
D = 9 nm, as well as microstrains of material was about
e = 5.6×10–3.

3.1.2. Mossbauer spectroscopy

Two components are well seen in the obtained
Mossbauer spectrum (Fig. 2b, spectrum 1). The first
one has hyperfine structure and it is six line component
(Sx). The second one is quadrupole doublet (Dbl). The
Mossbauer parameters obtained after mathematical
treatment of the experimentally registered spectrum are
given in Table 2.
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Figure 2. XRD (a) and Mossbauer spectra (b) of the natural biogenic material: (b1) - initial biomass and (b2) – the same sample after catalytic test.
The isomer shift (IS) calculated values show the
presence of iron ions in third oxidation degree and
octahedrally coordinated, only. Probably, these ions are
included in the same phase of α-FeOOH (goethite), but
in particles of different size. The critically small particle
size for superparamagnetic behavior of α-FeOOH
at room temperature is about 10–13 nm [30-33]. The
direction of magnetic vector of larger particles is on
easy magnetization axis or fluctuates around it. So,
the registered spectrum is sextuplet one. For particle
sizes smaller than the critical one at room temperature
this vector exhibits fast relaxation. As a result the
magnetic moment in the site of iron nuclei becomes
zero and sextet-line spectrum collapses into twocomponent one, i.e., superparamagnetic behavior is
registered. On the other hand, the sextet component
in registered spectrum has lower value of the hyperfine
magnetic field (Heff), than the value of the bulk material 38.2 Т [31]. It is well known, that the relation between
the hyperfine field and the volume of magnetic particles
can be expressed using collective magnetic excitation
(CME) model [32,33]. The registered sextet component
has significantly broadened overlapping lines and
irregular ratio of relative weights of G1-6:G2-5:G3-4 sextet’s
line areas, different from the stoichiometric ratio 3:2:1.
CME model gives about 30 nm size of larger particles in
studied sample. So, Mossbauer spectrum showed the
presence of two types of α-FeOOH particles – ultra- and
highly dispersed. The obtained results are in very good
agreement with X-ray data (see above).
Additionally, Mossbauer spectrum of the sample was
measured at the temperature of the liquid nitrogen (not
shown at the figure). It confirmed superparamagnetic
character of the goethite particles. Magnetic vector
relaxation is blocked at this temperature and a sextet
spectrum was registered. Data, listed in the Table 2,
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show almost complete transformation of the doublet into
a sextet, i.e., blocking temperature for all of the particles
is about that of the liquid nitrogen. Despite registered
hyperfine interactions the sextet is characterized with
asymmetrical lines that deviate from the theoretical
Lorentz form. Therefore, three-sextet-component model
was used during computer processing. Mossbauer
parameters of the three components are characteristic
for goethite measured at the liquid nitrogen temperature
[34] and when collective magnetic excitation is
presented.
An asymmetry of the doublet spectrum is seen, which
can be explained according to Lee and co-workers [32]
with interaction of SPM particles.
Mossbauer spectrum of the initial biomass sample
after the catalytic test (Fig. 2b, spectrum 2) shows
the presence of three sextet-type components with
expressed hyperfine magnetic structure and a small
doublet. Only Fe(III) ions in octahedral coordination
have been identified. The three sextets have parameters
characteristic of highly dispersed α-Fe2O3 (hematite)
with values of hyperfine field (Heff) lower than that of bulk
well-crystallized hematite, i.e., the character of highly
dispersed particles in the sample is retained. During the
computation three-sextet model was used because of
the non-Lorentz character of the spectral lines as was
mentioned above.

3.1.3. IR spectroscopy

Additional information about the chemical composition
and functional groups besides those for the iron oxide
structure was obtained with IR spectroscopy. The method
is useful for phase identification in iron oxides providing
information about crystal morphology, the nature of
surface hydroxyl groups and adsorbed species. The IR
spectrum of studied biogenic sample is presented on
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Table 2.

Calculated values of Mossbauer parameters of sample initial biomass.

Component

IS (mm s-1)

QS (mm s-1)

Heff (T)

FWHM (mm s-1)

G (%)

Fresh sample, RT*
Sx - α-FeOOH
Db - α-FeOOH-SPM

0.32
0.36

–0.07
0.55

27.0
-

1.66
0.46

50
50

0.47
0.47
0.46
0.45

–0.11
–0.11
–0.11
0.69

48.3
46.9
45.0
-

0.30
0.34
0.72
0.47

29
31
37
3

0.37
0.37
0.37
0.35

–0.10
–0.10
–0.09
0.85

49.0
47.2
44.5
-

0.39
0.46
1.08
0.69

20
37
40
3

Fresh sample, LNT**
Sx1 - α-FeOOH
Sx2 - α-FeOOH
Sx2 - α-FeOOH
Db
Used sample
Sx1 - α-Fe2O3
Sx2 - α-Fe2O3
Sx3 - α-Fe2O3
Db - α-Fe2O3

Note: RT* - room temperature, LNT** - liquid nitrogen temperature

538

Absorbance (arb.u.)

Fig. 4a. For more detailed characterization of the material
far-IR spectrum was also registered (Fig. 3a). A broad
band is seen in the spectral region 300–550 cm–1 with
three maxima at about 370, 415/410 and 460/457 cm–1.
In the region of 600–4000 cm–1 the material exhibits
bands at about 616 cm–1 with a shoulder at 670, 800,
894, 1119, 1382, 1635, 3180 and 3411 cm–1. The weak
bands in the region 2800–3000 cm–1 are, most probably,
due to hydrocarbons impurities introduced during the
preparation of the sample. Comparison of the registered
IR spectra with the literature data [30,35-37] allows the
assignment of the bands at 370, 415/410, 460/457 (with
the shoulder at 670 cm–1), 800, and 890 cm–1, as well
as the bands at 1386 and 1644 cm–1 to the presence of
α-FeOOH in the sample. These absorption bands arise
from Fe–OH and Fe–O vibrations. The bands at 800 and
890 cm–1 are due to OH-bending vibrations. The intense
band observed in the region 3180 cm-1 is assigned
to OH-stretching vibration of bulk hydroxyl groups.
The bands at 370, 415/410, 460/457 cm–1 are related
with Fe–O lattice vibrations. The bands at 1635 and
3411 cm–1 are characteristic bending vibrations of
physically adsorbed Н2О and the surface hydroxyl
groups, which are connected with hydrogen bond.
There are a number of bands, which are not
characteristic for α-FeOOH in the IR spectrum of
studied material. The bands at 616 cm–1 (ν4) (with a
shoulder at 670 cm–1) and 1119 cm–1 can be related
with the presence of (SO4)2– ions in the initial biomass
sample. The band at 3180 cm–1 can be assigned to the
presence of (NH4)+ ions (stretching vibration of N–H).
NH4 bending vibrations can be registered in the IR
spectrum at about 1415 cm–1, but it is well known, that
the band is of low intensity in the case of low crystallinity
of the material. Occurrence of formates on the sample
is probably the reason of the registered band at

326
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410 460
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a
250 300 350 400 450 500 550 600

Wave numbers (cm-1)
Figure 3.

Far-IR spectra from KBr pellet of the initial biomass
sample (a) and after its treatment in Ar flow at 250°С (b).
Spectrum of hematite Fe2O3 is shown for comparison.

1382 cm–1. The presence of (SO4)2– and (NH4)+ ions, as
well as hydrocarbons and formates in the sample can be
explained with the origin of the material.

3.1.4. Diffuse-reflectance IR spectroscopy

Investigations by the method of diffuse reflectance
IRS were carried out using an accessory which allows
in situ studies in gas flow mixtures or under vacuum
and at different temperatures. Spectra were collected in
the region 1111–4000 cm–1 because of the used CaF2
windows. The sample was studied in flow mixtures of
Ar, Ar+O2, Ar+N2+CO and Ar+N2+CO+O2 at various
temperatures.
Analysis of the infrared spectra presented above
(Fig. 4a) showed that there are organic and inorganic
contaminations in the natural biomass sample.
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Figure 4.

Mid-IR spectra from KBr pellet of the initial biomass
sample (a) and after its treatment in Ar flow at 250°С (b).
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Figure 5.

DRIFT spectra of initial biomass sample and after its
treatment in Ar flow: 1 – initial biomass sample; 2 – in Ar
flow at room temperature; 3 – in Ar flow at 250°C; 4 – after
cooling down in Ar flow.

The sample was heated at various temperatures
consequently in inert (Ar flow) and in oxidative medium
(flow mixture of Ar+O2) in order to be cleaned up. Both
treatments were monitored by DRIFTS.
Considerable changes were found in the range
characteristic for OH groups during the treatment of
sample in Ar flow (40 mL min-1) in the interval 74–250°С
(Fig. 5). Release of physically adsorbed water occurs
at temperatures ~100ºС demonstrated by decrease in
intensity of the bands at 1640–1650 and in the region
3480–3520 cm–1. At the same time considerable increase
in intensity of the band at ~3650 cm–1 was not observed
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which shows the lack of significant increase of the
amount of isolated surface OH groups. At the expense
of relatively small amount of water that the sample
contains, the quantity of hydroxyl groups forming the
structure of the material is significant. Thermal treatment
in Ar flow up to 200°С resulted in gradual disappearance
of these groups. The strong band at ~3195 cm–1, which is
characteristic for α-FeOOH, remains almost unchanged.
It disappears almost completely after treatment in
Ar flow at 250°С and new bands appear in the range
1300–1800 cm–1. The bands registered at 1330, 1420,
1540, 1650 and 1770 cm–1 can be assigned to the
presence of adsorbed carbonate and carboxylate species
on the surface as well as to organic substances.
The spectral changes show that treatment at
temperatures up to 200°С results in sample dehydration
as crystal hydrate water is lost, i.e., the transition
α-FeOOH.хН2О → α-FeOOH occurs. The transformation
of oxyhydroxide into oxide terminates at temperature
250°С. Far infrared spectrum of the sample treated up
to 250°С was collected using KBr pellet (Fig. 3b). The
bands corroborate the transformation of α-FeOOH into
Fе2O3 since the characteristic bands of α-Fе2O3 [35]
appeared in the spectrum (see also Fig. 4b) and those
of α-FeOOH almost completely disappeared.
Diffuse-reflectance spectra and changes during
heating of the sample in Ar flow (Fig. 5) testify for
changes in the organic substances presented in the
sample, too. The characteristic bands for СН2 and СН3
groups in the range 2800–3000 cm–1, increase in intensity
accompanied by a noticeable intensity decrease of the
strong band at ~3200 cm–1.
The sample spectrum collected using pellet with KBr
after treatment in Ar flow (Fig. 4b) confirms the presence
of organic substances. The bands at 2850, 2922 and
2962 cm–1 in the spectrum remain almost unchanged
during the dehydration process and the bands which
appeared in the range of 900–1250 cm–1 can be
assigned to С–О, С–О–С and С–О–Р vibrations in
oligo- and polysaccharides originating from the bacterial
capsule [38].
Presence of organic matter was confirmed studying
the sample already treated in Ar in a mixture flow of
Ar+O2 (40 mL min-1, 25 vol.% О2) in the interval Troom–
200°С. Simultaneous decrease in intensity of the band
at about 3200 cm–1 and increase in intensity of the bands
characteristic for carbonate-carboxylate structures were
observed. It is worthy to note that the intensity of the
bands for СН2 and СН3 groups and for the carbonyl
group at 1720 cm–1 increases. Additional feature of the
oxidation process of organic residues in the sample
is the change of band intensity ratio of СН2 and СН3
groups increasing the temperature in Ar+O2 mixture.
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Figure 6.

DRIFT spectra of the initial biomass sample collected in
gas mixture of Ar+N2+CO+О2 at various temperatures.

3.1.5. Tests for reducibility and catalytic activity

With the purpose of testing the reducibility of the oxide
phase, further in situ investigations were carried out with
the sample in a mixture flow of Ar+N2+CO (80 mL min-1,
9 vol.% СО) at room temperature and at 150°С. A band
of low intensity appeared at 1993 cm–1 in the spectrum
collected at room temperature. It can be assigned to
adsorbed CO. This species is unstable since the band
was not observed during heating in the gas flow at
150°С.
Sample activity in the reaction of CO oxidation was
studied in mixture flow of Ar+N2+CO+О2 (90 mL min-1,
8 vol.% СО, 11 vol.% О2) in the temperature interval
50–200°С (Fig. 6). The band at 1993 cm–1 was not
observed at all studied temperatures (50, 100, 150
and 200°С). A band at 1258 cm–1 was registered in the
spectrum of the sample after treatment at 50°С and
cooling down to room temperature in the gas mixture.
This band is stable at high temperatures. It shifts to
higher wave numbers to 1263 cm–1 increasing the
temperature. The band can be assigned to a carbonate
structure.
The experiments showed that after cooling down
the sample in reaction mixture to room temperature the
band at 1993 cm–1 is observed in the spectrum. It was
assigned above to adsorbed CO species. This result can
be explained with stability in oxidizing conditions of the
active sites for CO adsorption on the sample surface.
Registered changes in intensity of the bands
characteristic for the gas phase CO are relatively
insignificant increasing the temperature. Thus, the
sample showed low catalytic activity in the studied
reaction at the conditions applied. Despite, we consider

the studied material potentially suitable as a support for
CO oxidation catalysts after modification.
The sample was studied by Mossbauer spectroscopy
after carrying out the catalytic test. Experimentally
obtained spectrum shows the presence of two sextettype components with expressed hyperfine magnetic
structure (Fig. 1b, spectrum 2). Fe(III) ions in octahedral
coordination were identified only. The two sextets have
parameters characteristic of highly dispersed α-Fe2O3
(hematite) with values of hyperfine field (Heff) lower than
that of bulk well-crystallized hematite (Table 2). This
observation together with the above mentioned change
registered by infrared spectroscopy (Fig. 4b) proves the
transformation of α-FeOOH into α-Fe2O3 at temperatures
about 200-250°C and show that the catalytically active
phase is hematite.

3.2. Cultivated biomass samples

Samples of cultivated in different feeding media biomass
were obtained and are noted further in the text according
to the name of the used medium as follows: AdlerK, Adler,
Lieske, Winogradsky, Fedorov, Hay, ISSL, ISSLk.

3.2.1. X-Ray Diffraction

X-ray diffraction patterns of the cultivated biomass
samples are shown in Fig. 7. The crystal phase
parameters are calculated according to the X-ray
diffraction data and listed in Table 3. Diffraction patterns
show presence of particles with different sizes. Samples
Winogradsky and Hay are X-ray amorphous. Lines of
low intensity are registered on the background of X-ray
amorphous halo in the diffraction patterns of samples
Liske and ISSL. They can be assigned to lepidocrocite –
γ-FeOOH polymorphous modification of iron hydroxide.
The composition of sample Adler is enriched – on
the X-ray amorphous halo were registered lines of
γ-FeOOH and spinel phase of iron oxide in addition.
Sample AdlerK is composed of γ-FeOOH and Fe3O4.
X-ray pattern of sample ISSLk contains lines of both
polymorphous modifications of iron hydroxide – goethite
and lepidocrocite. Sample Fedorov has the most
complex composition. It consists of γ-FeOOH, Fe3O4
and α-FeOOH. The studied samples differ not only in
their composition but also by dispersion of constituents.
As can be seen in Table 3 one and the same phase
has different mean crystallite size in different samples.
It is worth noting that only iron-containing phases were
identified in the studied samples.

3.2.2. Mossbauer spectroscopy

Mossbauer spectroscopy is limited to analyze ironcontaining phases only but advantage of the method is
the possibility of amorphous components investigation.
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Table 3.
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XRD patterns of biogenic materials obtained from Sphaerotilus-Lepthotrix bacteria cultivated in different feeding media: a - Hay,
b – Winogradsky, c – Lieske, d - ISSL, g – ISSLk, e - Adler, f – AdlerK, h – Fedorov.

Crystal phase parameters of the cultivated biogenic
materials determined from the X-ray diffraction data.

Sample

Phase composition
(wt%)

Mean crystallite
size (nm)

Lieske

γ-FeOOH

5

ISSL

γ-FeOOH

10

ISSLk

γ-FeOOH – 82
Fe3O4 – 18

20
17

Fedorov

γ-FeOOH – 17
Fe3O4 – 17
α-FeOOH – 66

22
24
15

Adler

γ-FeOOH – 46
Fe3O4 – 13
α-FeOOH – 41

11
10
9

AdlerK

γ-FeOOH – 79
Fe3O4 – 21

21
27

Experimental Mossbauer spectra of the studied systems
(Fig. 8) include two types of components:
- components without hyperfine magnetic structure
that appears like quadrupole doublets (Db);
- components characterized by hyperfine magnetic
structure, i.e., sextets (Sx).
The computational models of Mossbauer spectra
include the two types of components above, i.e., the
model is a superposition of sextets and doublets.
The calculated Mossbauer parameters are listed in
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Table 4. The parameters show presence of iron ions
in different oxidation states and coordination and that
they are included in different phases. According to the
calculated Mossbauer parameters the following phases
are identified in the samples: γ-FeOOH (lepidocrocite),
α-FeOOH (goethite), Fe3-xO4 (magnetite), γ -Fe2O3
(maghemite).
Both polymorphous modifications of the iron
hydroxides α-FeOOH and γ-FeOOH contain iron ions in
third oxidation state and octahedral coordination.
The two components of Mossbauer spectrum
(Sx1 and Sx2) were assigned to magnetite. Magnetite
crystallizes in a cubic inverse spinel structure that
characterizes with two non-equivalent Fe sites noted
as A and B. They correspond to tetrahedrally and
octahedrally coordinated iron ions. The atoms are Fe2+
in B site and Fe3+ in A and B sites. Only two sextets are
observed in the Mossbauer spectra at room temperature
due to the electron hopping between Fe2+ and Fe3+
(in B site). In principle electron hopping occurs over a
timescale of approximately 10–9 s. As the timescale of
the Mossbauer event is 10–7 s the nuclei at each site
displays an average charge state of +2.5 during this
time interval. The sextet (Sx1) belongs to A site and
characterizes with higher hyperfine magnetic field
than the second one (Sx2) which is assigned to B site.
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Figure 8.

Mossbauer spectra of biogenic materials obtained in different feeding media: a - Hay, b – Winogradsky, c – Lieske, d - ISSL, g – ISSLk,
e - Adler, f – AdlerK, h – Fedorov.

The intensity ratio of A and B sextets is equal to r = 1.94
[39] in stoichiometric magnetite due to the different recoilfree factors of Fe in A and B positions. The calculated r
values, for presented spectra, are close to 1 and different
in comparison with the cited above. Therefore, the
magnetite in the studied samples is non-stoichiometric.
Cation vacancies in B sites are created under an excess
of oxygen in such kind of magnetite. They screen
the charge transfer and isolate the hopping process.
The intensity ratio r increases with the iron oxidation
while the stoichiometry achieves that of the γ-Fe2O3.
This iron oxide phase is represented by a single
unresolved sextet component that is close to the
characteristic for Fe3+ site in maghemite (sample Adler).
The degree of non-stoichiometry х (number of
vacancies) was calculation according to the Topsoe
formula [33].
Mossbauer data determined on the basis
of magnetite spectrum are used for calculation
of х:

SB
SA
x=
S
6+5 B
SA
2-

Velocity (mm.s-1)

where SB and SA are line areas of octahedrally and
tetrahedrally coordinated iron ions, respectively. It
is supposed, also, that the Mossbauer-Lamb factor
(probability of resonance and recoilless absorption and
gamma-quanta emission) of the iron ions arranged in the
two sublattices of the magnetite is the same. Calculated
х values for the magnetite phase in samples AdlerK and
Fedorov are respectively 0.082 and 0.057.
All samples contain doublet component due to highspin octahedrally coordinated Fe3+ ions that belong to
iron oxide and/or iron hydroxide particles with size lower
than 10 nm. Such particles have superparamagnetic
behaviour. This was registered by Mossbauer
spectroscopy as a transition of a sextet spectrum
into doublet one. The transition is characteristic for
substances with magnetic arrangement because of
the thermal fluctuations of the magnetic vector of the
particle. This component is noted as SPM in Table 4
representing the Mossbauer parameters of the cultivated
biogenic materials.
Comparison of X-ray diffraction and Mossbauer
spectroscopy data for samples Hay and Winogradsky
allows to conclude that the amorphous components
are iron compounds γ-FeOOH and SPM iron oxides/
hydroxides.
223

Biogenic iron compounds:
XRD, Mossbauer and FTIR study

Table 4.

Calculated values of Mossbauer parameters of biogenic materials cultivated in different feeding media.

Sample

Components

IS (mm s-1)

QS (mm s-1)

Heff (T)

FWHM (mm s-1)

G (%)

Lieske

Db1 - Fe3+ - γ-FeOOH
Db2 - Fe3+ - SPM
Db3 - Fe2+

0.35
0.35
1.29

0.51
0.85
2.02

-

0.30
0.37
0.43

37
59
4

Hay

Db1 - Fe3+ - γ-FeOOH
Db2 - Fe3+ - SPM

0.37
0.37

0.52
0.95

-

0.33
0.45

32
68

ISSL

Db1 - Fe3+ - γ-FeOOH
Db2 - Fe3+ - SPM

0.36
0.36

0.51
0.91

-

0.32
0.43

45
55

Winogradsky

Db1 - Fe3+ - γ-FeOOH
Db2 - Fe3+ - SPM

0.37
0.37

0.55
1.00

-

0.35
0.44

42
58

ISSLk

Sx1 - Fe3O4
Sx2 - Fe3O4
Db - Fe3+ - γ-FeOOH

0.30
0.66
0.37

0.00
0.00
0.58

47.6
44.5
-

0.50
1.00
0.40

4
4
92

Fedorov

Sx1 - Fe3O4
Sx2 - Fe3O4
Sx3 - Fe3+ - α-FeOOH
Db1 - Fe3+ - γ-FeOOH
Db2 - Fe3+ - SPM

0.30
0.67
0.34
0.37
0.34

0.00
0.00
–0.12
0.52
0.90

49.3
45.6
28.0
-

0.60
0.80
1.20
0.33
0.80

7
9
35
27
22

Adler

Sx - Fe3+ - γ-Fe2O3
Db1 - Fe3+ - γ-FeOOH
Db2 - Fe3+ - SPM

0.36
0.36
0.36

–0.03
0.54
0.95

48.3
-

0.80
0.32
0.43

12
44
44

AdlerK

Sx1 - Fe3O4
Sx2 - Fe3O4
Db - Fe3+ - γ-FeOOH
Db - Fe3+ - SPM

0.30
0.66
0.37
0.37

0.00
0.00
0.51
0.75

48.8
45.7
-

0.53
1.08
0.37
0.46

15
16
38
31
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ISSLk
AdlerK
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Figure 9. IR spectra from KBr pellet of samples obtained after iron bacteria cultivation and activity/life in different feeding media.

3.2.3. IR spectroscopy

IR spectra are collected in two ranges 250–600
(not shown here) and 400–4000 cm–1 (Fig. 9). All spectra
are characterized with bands at 3450, 3150 (observed as
well-formed maximum for samples Fedorov, ISSLk and
AdlerK but rather like a shoulder for the other samples),
3000–2800, 1620, and 1380 cm–1. A shoulder at
1510 cm–1 is observed in the spectra of the samples
Fedorov, ISSLk and AdlerK. There are weak bands
(1230/50, 1150, 1120, 1070, and 1030 cm-1) in the range
1000–1300 cm–1 in all collected spectra (Fig. 9a). The
bands at 3450 and 1620 cm–1 are result of vibrations
respectively due to hydrogen bonded hydroxyl groups
and physically adsorbed water on the surface of the
samples. The band at 3150 cm–1 is characteristic for
the hydroxyl group from the structure of α-FeOOH [40].
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The bands in the region 3000–2800 and at 1380 cm–1
show the presence of hydrocarbon rests. The bands at
1000–1300 cm–1 are assigned to the vibrations of С–О,
С–О–С and С–О–Р from oligo- and polysaccharides
[38]. The procedure of sample allows presence of
compounds/rests originating from the live matter - fatty
acid components of the cell membrane and oligoand polysaccharides building bacterial capsule. Most
probably the samples origin determines the presence of
very weak band at 1510 cm–1, which together with those
at 1720 and 1950 cm–1 of similar intensity (ISSLk and
AdlerK) results from surface carbonate, carbonyl and
carboxyl species.
A narrow band of medium intensity is registered in
the range 1000–1100 cm–1 (Fig. 9a). It is characteristic
for γ-FeOOH [40]. A band in the same region is seen
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Figure 10.

DRIFT spectra of samples obtained after iron bacteria
cultivation and activity/life in different feeding media.

in the spectra of Lieske, Hay, ISSL, Winogradsky
and Adler samples but it is more intensive and wider
(Fig. 9b). Most probably, it has in the latter case a
complex character and is due to overlapping of the
bands characteristic for γ-FeOOH and for vibrations in
sulfates and pyrophosphate that have intense bands
in this region [41]. Such salts were used in the feeding
media and probably the samples contain some rests.
Aiming for clear assignment of this band, new infrared
spectra in diffuse-reflectance mode were collected for
the samples from the mentioned above group (Fig. 10).
The spectra of the samples (those of Adler, ISSL and
Lieske are presented on Fig. 10a) proved the complex
character of the discussed band and confirmed the
presence of phosphates (1044, 1077, 1088, 1119, and
1128 cm–1) in the studied materials.
Bands characteristic for the vibrations in γ- and
α-FeOOH [35,40] are registered below 1150 cm–1.
All bands are well-visible in the spectrum of sample
Fedorov. In the spectra of other samples these bands
are weak and poorly resolved (Fig. 9). DRIFT spectra,
however, show presence of γ-FeOOH in all samples
(Fig. 10).
The analysis of collected spectra shows that the
studied samples consist of a mixture – γ-FeOOH and
α-FeOOH, rest of organic matter and some water. It can
be affirmed that in media of the types Fedorov, isolation
(ISSLk) and Adler (AdlerK) can be synthesized products
containing commensurable amounts of γ-FeOOH and
α-FeOOH or larger amount α-FeOOH (Fedorov).
It is worth to discuss the difference in the composition
of the couples AdlerK and Adler and ISSL and ISSLk.
The samples are cultivated from the same initial natural
bacterial material in Roux and Ferenbach flasks. These
flasks are used for static cultivation of the aerobic
bacteria. The flasks differ by form but it is unlikely this
parameter to affect the bacteria activity since the same
amount of feeding medium is put into them, the amount
of inoculum is the same and the cultivation period is
equal, too. The isolated bacterial strains from each flask
are different. Set of specific tests corroborated that all
bacterial strains belong to Leptothrix genera. They differ
by some strain specific characteristics but all strains
possess Leptothrix genera features. The differences
between the strains are not considerable and they
would not reflect on the basic genera properties. Thus,
the reasons giving rise to observed differences in the
biogenic material composition and the iron oxides
formation have to be investigated. Probably, search
on the effect of media composition and pH during the
cultivation process rather than the strains differences
should be carried out.
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4. Conclusions
Materials based on biogenic iron oxides, which are
products of the metabolic activities of the bacteria
from Sphaerotilus-Leptothrix group, are obtained
and investigated by X-ray diffraction, Mossbauer
spectroscopy and IR spectroscopy.
The natural biomass contains both amorphous and
crystal phase. The crystal phase includes ultra- and
highly dispersed particles of nano-sized α-FeOOH
as a main component. The material is not stable
under thermal treatment and transition of α-FeOOH
to Fe2O3 occurs at temperatures about 200ºC and
terminates at 250ºC. Thus obtained material has
low catalytic activity in the CO oxidation reaction
and is potentially suitable as a support for catalyst
preparation.
The cultivated in various nutrient media biomasses
contain mixtures of γ-FeOOH and α-FeOOH. Materials
containing commensurable amounts of γ-FeOOH and
α-FeOOH or larger amount α-FeOOH could be produced

by cultivating the native bacteria from SphaerotilusLeptothrix group in isolation, Fedorov and Adler types
of media.
The characteristics of the studied materials impose
further investigations to be performed for answering
some questions:
- is it possible to menage the composition of cultivated
biomass and to which extent by variation of the nutrient
media composition and conditions of live.
- which are the preferable conditions for treating the
biomass so that materials useful for catalyst preparation,
magnetic materials, batteries or special applications
could be obtained.
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