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The present study is focused on the preparation of modified iron-containing biogenic materials and testing them as
catalysts for the reaction of CO oxidation. Modification was performed by impregnation of biogenic material obtained
in Lieske cultivation medium. Impregnation was done using solutions of palladium chloride, cobalt nitrate, and manganese
nitrate. Samples were characterized by X-ray diffraction, infrared spectroscopy, and Mdssbauer spectroscopy. XRD
results revealed that the starting biogenic material was X-ray amorphous, however, the presence of mixtures of low-
crystalline iron oxyhydroxides, goethite and lepidocrocite, could not be excluded. Heating of Pd- and Co-modified
materials led to the formation of oxide phases of Co030,, y-Fe,0Os, and o-Fe,O;. Infrared spectra confirmed metal
oxyhydroxide complete transformation to metal oxides in thermally treated samples. Mdssbauer spectra of samples
preheated at 300 °C indicated that the formed materials had a low degree of crystallinity, which is a specific feature of
highly dispersed oxide materials. Doublet components in the Mdssbauer spectra are indicative of nanosized highly
dispersed particles demonstrating superparamagnetic behaviour. A ferrite MnFe,O, phase was formed during synthesis
of Mn-modified sample. Méssbauer spectra recorded at the temperature of liquid nitrogen showed a decrease of doublet
part, which is typical of iron oxide particles of sizes below 4-10 nm. All the prepared samples were active in the
reaction of CO oxidation, most active being manganese-modified catalyst. A synergistic effect was proposed between iron
and manganese oxide components. Sample analysis after catalytic tests by means of Mossbauer spectroscopy revealed
no changes in phase composition and dispersion.
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INTRODUCTION

Biogenic iron-containing materials are products
of iron-transforming bacteria lifecycle [1-3]. Iron-
containing bacteria of the Sphaerotilus-Leptothrix
group are typical water representatives. In presence
of these bacteria, Fe*" ions are transformed into Fe®*
containing compounds [2,4-6]. These compounds
are insoluble and the iron is deposited in the form of
oxides, hydroxides, and salts [2,7-10], which have
different phase composition, and different shape and
size (globules, tubes, etc.). These materials demon-
strate high specific surface area and high reactivity,
which facilitate adsorption and decomposition of
various contaminants [7-9,11-18]. Specific physical,
chemical, and biological features of nanomaterials
have motivated researchers for intensive studies.
Iron oxides/hydroxides are a particular class of bio-
compatible compounds having natural biogenic ana-
logues. Such materials being developed by various
methods of synthesis are widely applied as catalysts.
Many synthetic techniques for the production of
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various types of iron oxide nanoparticle materials
(hematite, magnetite, goethite, etc.) are well estab-
lished. However, most of these methods are costly
and involve the use of hazardous chemicals [19].
Therefore, there is growing necessity to develop
ecological and sustainable methods, such as bio-
synthesis [20]. Various studies have found that bio-
genic iron oxides, especially those of bacterial origin,
are low crystalline aggregates composed of smaller
species [7-10,17,21-23]. Biogenic iron specific pro-
perties are crucial for its application as an active
component in catalysis in gaseous and liquid media
[13,19,23-31], catalyst precursors [19,32], and cata-
lysts [33]. In the course of the catalytic process, the
stability of the biogenic materials is a very import-
ant property. In previous studies, it was found that
their catalytic activity was preserved or slightly
decreased after repeated use [26,32-35]. Actually,
chemical modification of the biogenic materials is
focused on improving some chemical properties.

This work is aimed at modifying iron containing
biogenic materials by Pd, Co, and Mn and studying
their catalytic behaviour in the reaction of CO
oxidation.
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EXPERIMENTAL
Synthesis

Pd, Co, or Mn were deposited separately or in
combination (Pd+Co) on biogenic iron-containing
material by impregnation with solutions of PdClI,,
Co(NOs),.6H,0, and Mn(NQOs),.4H,0, respectively.
Basic biogenic material (BM) was prepared by
Leptothrix genus bacteria cultivation in Lieske
medium, which contained 0.3% Pd/Al-Si-O fibrous
material. Proper concentrations of the selected salts
were used so that chemical modifier content was 1
mass% Pd, 20 mass% Co, and 20 mass% Mn.
Selected salts were dissolved in distilled water at
room temperature under constant stirring. Three
drops of 1N hydrochloric acid were added to the
PdCI, solution to complete dissolution. Evaporation
of the water was carried out at 60 °C and continuous
stirring. The samples were further heated at the same
temperature for 24 hours for complete drying. The
same technique was applied for Co deposition on a
sample containing 1% Pd. The samples are denoted
as Pd/BM, Pd+Co/BM, Co/BM, and Mn/BM.

Before catalytic tests, the samples were calcined
in air at 300 °C for 2 hours at a heating rate of 10
deg/min.

Characterization

Powder X-ray diffraction (XRD) patterns were
collected by a TUR M62 diffractometer with Co Ka
radiation. Phase identification was performed using
ICDD-PDF2 database. Experimental XRD profiles
of the studied ferrites were processed by using
PowderCell-2.4 software and appropriate corrections
for instrumental broadening.

Infrared (IR) spectra of the samples were recorded
on a Nicolet 6700 FTIR spectrometer (Thermo
Electron Corporation, USA) using the method of
dilution in KBr pellets (0.5% of studied substance).
The spectra were collected in the middle IR region
using 100 scans at a resolution of 4 (data spacing
1.928 cm™).

Mossbauer spectra (MS) were registered in air at
room temperature (RT) by means of Wissel (Wissen-
schaftliche Elektronik GmbH, Germany) electro-
mechanical spectrometer working in a constant
acceleration mode. A *’Co/Rh (activity = 20 mCi)
source and a-Fe standard were used. Experimentally
obtained spectra were fitted using special software.
The parameters of hyperfine interaction, such as
isomer shift (IS), quadruple splitting (QS), effective
internal magnetic field (Heff), line widths (FWHM),
and relative weight (G) of the partial components in
the spectra were determined.
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Catalytic measurements

The catalytic measurements were carried out in
an isothermal continuous flow type quartz-glass
reactor (6.0 mm inner diameter) at atmospheric
pressure. The catalysts were fixed in the reactor bet-
ween plugs of quartz wool. The following condi-
tions were applied: catalyst fraction 0.63-0.8 mm,
catalyst volume 0.3 cm®, and gas flow mixture of
108 ml/min at CO:0,:He ratio of 4:5:91 vol.%. The
reactant gases were supplied through Aalborg elec-
tronic mass flow controllers. Analysis of inlet and
outlet gas flows was performed online on a HP 5890
gas chromatograph equipped with a thermal con-
ductivity detector and a Carboxen-1000 column.
Helium was used as a carrier gas.

RESULTS AND DISCUSSION

Sample XRD patterns are presented in figure 1,
which reveal that the starting biogenic material was
X-ray amorphous. This is evidence that the biogenic
material contained low-crystalline iron oxyhydro-
xides (probably goethite and lepidocrocite). No
characteristic lines of the modifying medium com-
ponent 0.3% Pd/AI-Si-O in the spectra were regist-
ered. This result implies that no significant amount
of the modifier was mixed with the biomaterial
during cultivation.
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Fig. 1. X-ray diffraction patterns of modified samples
thermally treated at 300 °C.

An overall pattern of all measured spectra of the
modified biogenic material after calcination at 300
°C indicated chemical phases of low degree of crys-
tallinity, which are characteristic of ultra- and highly
dispersed oxide materials. Only iron-containing
phases of hematite and maghemite were present in
the spectrum of Pd-modified sample, the lines of
hematite (a-Fe,O3) slightly higher intensity.

XRD patterns for Co;04 (PDF 01-076-1802), v-
Fe,O; (PDF 00-039-1346) and a-Fe,O; (PDF 01-
084-0310) are detectable in a Pd+Co/BM sample.
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No diffraction peaks for Pd and PdO were visible in
the XRD spectrum revealing fine dispersion of the
noble metal. The main characteristic lines of the two
iron oxide modifications are approximately of the
same intensity. The diffraction lines are broad and
low intense owing to high dispersion of the iron
oxides. The linewidths indicate that the formed mate-
rials are ultra- or highly dispersed.

IR results are displayed in figure 2a. A spectrum
of Pd/BM sample shows bands characteristic of goe-
thite (3182, 886, 792, 668, 470 cm ™) and lepidocro-
cite (3182, 1112, 1023, 976, 745 cm ™) as well as sur-
face carbonates (1482 plateau, 1639, 1656, 718 cm ™).

The spectra of Pd+Co/BM, Co/BM, and Mn/BM
show bands characteristic of lepidocrocite (3203,
1115, 745, 1021 cm ™), nitrates (825, 1382 cm™'), and
surface carbonates (1657, 1640, 1474, 1454, 719
cm ). Although not all characteristic goethite bands
were observed, its presence in the studied systems
should be assumed. The materials treated at 300°C
were also investigated. The IR spectra are presented
in figure 2b. Bands characteristic of Fe-O vibration
(under 500 cm™?) prove the presence of iron oxides
and Co30;.
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Fig. 2. Infrared spectra of modified samples before (a)
and after (b) thermal treatment at 300 °C.

Mossbauer spectra of samples before and after
catalytic test are shown in figure 3. Calculated para-

meters of the spectra are given in Table 1. Results of
XRD and Méssbauer spectroscopy studies confirmed
the presence of hematite and maghemite in the
samples before catalysis. Most spectra except those
of Mn/BM and Pd+Co/BM-LNT fit well with a
model of two sextets and two doublets. The para-
meters of both sextets correspond to the two modi-
fications of iron oxide - hematite (a-Fe,Os) and
maghemite (y-Fe,O3), that of maghemite being more
intensive. Both sextets have reduced H¢s values of
about 10-20 T, which indicated that the particles
were highly dispersed. Doublet components in the
Mossbauer spectra are indicative of nanosized highly
dispersed particles, which demonstrate superpara-
magnetic behaviour. Polymorph phases ratio of iron
oxides before heating to those obtained after heating
at 300 °C can be related to thermal decomposition
dynamics of the various iron hydroxides.
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Fig. 3. Room temperature Mdssbauer spectra of modified
samples thermally treated at 300 °C (a)
and after catalytic test (b).
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Table 1. Mossbauer parameters of modified samples thermally treated at 300 °C and after CO oxidation reaction
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IS, Qs, Hest, FWHM, G,

Sample Components mm/s mm/s T mm/s %

BM Sx1 — a-Fe,03 0.37 -0.10 47.3 0.90 18
TS300 Sx2 —y-Fe,04 0.33 0.00 41.8 1.98 70
Dbl - SPM 0.36 0.90 - 0.73 6

Db2 — SPM 0.32 2.13 - 0.56 6

Pd/BM Sx1 — a-Fe,0s 0.36 -0.11 494 0.60 22
TS300 Sx2 —y-Fe,04 0.33 0.03 43.3 2.00 58
Dbl - SPM 0.34 0.61 - 0.40 9

Db2 - SPM 0.32 1.10 - 0.76 11

Pd+Co/BM Sx1 — a-Fe,03 0.36 -0.11 49.6 0.52 25
TS300 Sx2 — y-Fe,04 0.33 0.00 44.7 171 51
Dbl - SPM 0.33 0.66 - 0.41 11

Db2 — SPM 0.30 1.15 - 0.80 13

Pd+Co/BM Sx1 — a-Fe,03 0.47 -0.11 52.3 0.39 33
TS300, LNT Sx2 — y-Fe,04 0.41 0.03 49.7 0.90 61
Dbl - SPM 0.42 0.84 - 0.75 7

Co/BM Sx1 — a-Fe,03 0.36 -0.10 49.6 0.54 26
TS300 Sx2 — y-Fe,04 0.33 0.01 44.6 1.67 51
Dbl - SPM 0.33 0.66 - 0.42 10

Db2 — SPM 0.30 1.15 - 0.79 13

Mn/BM Sx1 — a-Fe,03 0.33 -0.11 49.8 0.40 5
TS300 Sx2 — MnFe,0, 0.38 0.00 44.8 1.39 31
Sx3 — MnFe,0, 0.31 0.00 39.3 2.00 45

Dbl - SPM 0.33 0.70 - 0.46 10

Db2 — SPM 0.32 1.32 - 0.69 9

BM Sx1 — a-Fe,03 0.37 -0.10 47.0 1.07 22
TS300, after CO oxidation Sx2 — y-Fe,03 0.31 0.00 40.8 2.00 66
Dbl - SPM 0.34 0.95 - 0.75 6

Db2 — SPM 0.33 2.12 - 0.59 6

Pd/BM Sx1 — a-Fe,03 0.36 0.10 49.2 0.56 21
TS300, after CO oxidation Sx2 — y-Fe,03 0.34 0.00 43.1 2.00 59
Dbl - SPM 0.33 0.63 - 0.40 8

Db2 — SPM 0.33 1.07 - 0.79 12

Pd+Co/BM Sx1 — a-Fe,03 0.36 -0.11 49.8 0.52 24
TS300, after CO oxidation Sx2 —y-Fe,04 0.33 0.01 45.0 1.76 53
Dbl - SPM 0.33 0.67 - 0.43 10

Db2 — SPM 0.30 1.18 - 0.89 13

Co/BM Sx1 — o-Fe,03 0.36 -0.10 49.6 0.54 26
TS300, after CO oxidation Sx2 — y-Fe,04 0.33 0.01 44.6 1.67 51
Dbl - SPM 0.33 0.66 - 0.42 10

Db2 — SPM 0.30 1.15 - 0.79 13

Mn/BM Sx1 — a-Fe,03 0.33 -0.11 49.8 0.40 5
TS300, after CO oxidation Sx2 — MnFe,0, 0.38 0.00 45.0 1.41 30
Sx3 — MnFe,0, 0.31 0.00 39.4 2.00 47

Dbl - SPM 0.35 0.71 - 0.48 10

Db2 - SPM 0.32 1.33 - 0.73 8

IS - isomer shift, QS - quadrupole splitting, Hes - effective internal magnetic field, FWHM - line widths, G - relative weight of the partial components

in the spectra, LNT- spectra measured at liquid nitrogen temperature

Mossbauer spectrum recorded at the temperature
of liquid nitrogen (LNT) showed a decrease of
doublet part, which is typical of iron oxide particles
of sizes below 4-10 nm (figure 4).

The spectrum of Mn-modified sample preheated
at 300 °C differs from the spectra of other samples
by lower content of iron phase, which is hematite
rhombohedral polymorph (a-Fe,03). In the synthesis
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of Mn-modified sample, a ferrite MnFe,O, phase
was formed. It is presented in the spectrum by two
sextet components with zero value of the quadruple
split, indicating that the ferrite MnFe,O, phase has a
cubic symmetry. The two components in the spectra
correspond to two types of differently coordinated
iron ions, tetrahedral and octahedral, and are char-
acteristic of inverse type spinel structure of the fer-
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rites. Ferrite phase lines are broad and asymmetri-
cal and the values of the internal magnetic field are
reduced. This is due to a size dependent magnetic
effect of the particles, which is explained by the
presence of finely dispersed structure of the Mn-
modified biogenic material.
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Fig. 4. Liquid nitrogen temperature Mdssbauer spectrum
of Pd+Co/BM sample thermally treated at 300 °C.

The spectra of all samples measured before and
after catalysis are of the same type and matched by
the values of calculated superfine parameters. The
relative ratio of sextets to doublets was preserved,
which indicated that no recrystallization and agglo-
meration processes occurred at the temperature of
catalytic tests.

Temperature dependences of the CO oxidation
over unmodified and modified biogenic catalysts are
shown in figure 5. Doping with palladium, cobalt, or
manganese increased the catalytic activity. The order
of activity was Mn/BM > Pd+Co/BM > Co/BM >
Pd/BM > BM. As is seen, unmodified biogenic
material is active in the studied reaction. The reac-
tion started at about 200 °C and a maximum of 70%
conversion was reached at 275 °C. According to
literature data, iron oxide materials have been found
to be good/proper candidates as cheap and efficient
catalysts, especially in environmental processes [36,
37]. As was shown above, the maghemite (y-Fe,Os
70%) is a predominant iron oxide in the initial
biogenic material. According to some authors [38]
v-Fe, 05 has exhibited a low activity at temperatures
lower than 300 °C. Addition of Pd resulted in dis-
placement of the conversion curve to a lower tempe-
rature indicating a better catalytic activity. Liu et al.
[39] claim that the promoting effect of iron oxide in
the case of Pd-FeO, catalysts is related to the ability
of the iron oxide species, located in close proximity
to the palladium, to provide adsorption sites for
oxygen that can subsequently react with CO mole-
cules adsorbed on adjacent Pd sites. Thus, we can

conclude that because of the high dispersion of Pd
and close interaction between Pd and Fe,O; in
Pd/BM sample, more surface oxygen species is pro-
vided to the palladium, thus improving its catalytic
activity. Modification of Pd/BM sample with cobalt
caused a further increase in activity. This is not sur-
prising because unsupported cobalt oxide is a very
active species in the field of air pollution control of
CO [40,41]. It is known that cobalt catalysts are ac-
tive for CO oxidation at low temperatures (—70 °C)
if pre-oxidised before activity measurement [42, 43].
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Fig. 5. Conversion vs. temperature in the reaction of CO
oxidation.

Mn-modified BM sample manifested the highest
catalytic activity. A synergistic effect could be pro-
posed between iron and manganese oxide compo-
nents. As was shown by Mdssbauer spectroscopy a
ferrite MnFe,O, phase was formed. Formation of
solid solutions or Fe,Mn,O, spinels has been pro-
posed by Kedesdy and Tauber [44]. It has also been
observed that transition metals such as manganese
in the spinel lattice can strongly modify the redox
properties of the ferrites and therefore activity. To
obtain adequate explanation of the synergistic effect
further in-depth study of this system is necessary.

CONCLUSIONS

Starting biogenic material is an X-ray amorphous
mixture of goethite and lepidocrocite iron oxyhydro-
xides having ultradispersed nanosized particles with
adsorbed surface nitrate and carbonate groups. Modi-
fication of the biogenic material with Pd, Pd+Co,
and Co and subsequent calcination led to the for-
mation of Co30,, y-Fe,0s, and a-Fe,Oz. A highly
dispersed MnFe,0, ferrite phase was formed in Mn-
modified sample. It has a cubic symmetry, spinel
structure, and inverse ion distribution. It was proved
by Mdssbauer spectroscopy that the iron oxides and
MnFe,O, ferrite were nanosized highly dispersed
entities. Metal ions oxidation state, phase composi-
tion, and dispersion of the test samples did not
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change during catalytic tests. Catalytic measure-
ments showed that all prepared samples were active
in the reaction of CO oxidation and the catalytic
properties depended on dopant type. A synergistic
effect was proposed between iron and manganese
oxide components.
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MOANPUINPAHE 1 OXAPAKTEPU3NPAHE HA XXEJIA30CBHABPXAILM BMOT'EHHUA
MATEPUAJIA KATO KATAJIM3ATOPHU 3A PEAKIIUATA HA OKHUCJIEHUE HA CO

T. M. Ilerpora*, JI. I'. Ilanera, C. XK. Tomoposa, 3. II. Uepke3opa-Kenesa, JI. I'. ®unkosa,
M. T. Illloncka, H. 1. Benunos, b. H. Kynes, I'. b. Kanunos, 1B. I'. MuTtos

Hnemumym no kamanus, bvreapcka akademus na naykume, yi. ,,Axao. I'. bonues™, 6. 11, 1113 Coghus, bvacapus

Tloctenmna Ha 12 ¢pespyapu 2018 r.; TIpepaborena na 14 mapt 2018 r.
(Pestome)

Hacrosmoro u3cnenBaHe € HaCOYEHO KbM TOJydaBaHe Ha MOIU(UIMPAHU KEJSI30-ChAbpKalll OUOTeHHH MaTe-
pHaIX ¥ TAXHOTO U3IHMTBAHE KaTO KaTalu3aTopH B peakiusara Ha okuciaeHue Ha CO. MoauduuupaHeTo € 0ChbLUIECTBEHO
Ype3 UMIpETHUpaHe Ha OMOTreHeH MaTepuall, Mojdy4eH B XpaHuTenHa cpeaa Lieske. ViMnperaupaHeTo e M3BBPIICHO C
M3M0JI3BaHE Ha Pa3TBOPH Ha MalaJueB XJIOpU, KOOAITOB HUTPAT U MaHTaHOB HUTpAT. [Ipobure ca oxapakTepusnpaHu
¢ peatreHoBa audpaxuus (XRD), uadpadepsena u Mpocbayeposa criekTpockonus. Pesynrature ot XRD nokasat, ue
W3XOJHUAT OMOTEHEH MaTepuall € peHTreHoaMop(deH, HO BBIPEKH TOBa HE e M3KII0YBa HAJMYUETO Ha CMEC OT HUCKO-
KPUCTAITHH JKEJIE3HU OKCHXUIPOKCUIM TBOTHUT M JICMHIOKPOKUT. Harpsisane Ha Pd- u Co-Momudunmpann mMaTepuanu
Boau N0 obOpasyBaHe Ha ¢asu ot Co30,4 y-Fe,03 u a-Fe;O;. B TepMuuHO TpeTmpanuTe mpodH, WHppadepBEHHUTE
CIIEKTPH HOTBBPKAABAT IIBJIHO TpaHCHOPMUPAHE HA OKCHXHIAPOKCHINTE A0 OKCUIU. MbocOayepoBH CIIEKTPH Ha IPOOH
obpabotenu mpu 300 °C nokaseart, ye 0Opa3yBaHUTE MaTepHaId UMAT HUCKA CTEIICH Ha KPHCTAIHOCT, KOSTO € CHeLH-
(¢ruHa XapaKTepUCTHKA 32 HAHOPAa3MEPHU BHCOKO JAMCIIEPCHH OKCHIHM Marepuayiv. JlyOneTHH KOMIIOHEHTH B
MpbocbayepoBUTE CIIEKTPH ca MOKa3aTeIHN 32 HAJMYMETO Ha HAHOPa3MEPHH BHCOKO-AMCIEPCHU YACTHLHU JEMOHCTPH-
pam cyneprnapamMarHuTHO nosejieHue. [Ipu cuHTe3a Ha oOpasen; MomuduUUpaH ¢ MaHraH ce ¢opmupa depuTHa
MnFe,O, ¢aza. MpocbayepoB CIEKTBp, PErHCTpUpaH NpPU TEMIIepaTypara Ha TedeH a30T, I0Ka3Ba HaMmajsBaHEe Ha
JyOJieTHaTa 4acT, KOETO € TUIMYHO 3a JKEeJIe3HH OKCHJHM 4acTHiy ¢ pasmep mox 4—10 nm. Bceuuku uszcnensanu
o0pa3uy Moka3BaT akKTHBHOCT B peakuusaTa Ha okucieHne Ha CO, KaTO Hai-BHCOKO aKTHBEH € KaTalu3aTopbT MOAHU-
¢unupan ¢ MaHraH. AHamu3 Ha MpocOayepoBUTE CHEKTpPU Ha NpOOMTE ciiel] KaTATUTHYHH TECTOBE HE IOKa3Ba
NPOMEHH BBB (pa30BHS CHCTAB M AUCIIEPCHOCTTA.
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