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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 Mössbauer 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 Co3O4, γ-Fe2O3, and α-Fe2O3. Infrared spectra confirmed metal 

oxyhydroxide complete transformation to metal oxides in thermally treated samples. Mössbauer 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 Mössbauer spectra are indicative of nanosized highly 

dispersed particles demonstrating superparamagnetic behaviour. A ferrite MnFe2O4 phase was formed during synthesis 

of Mn-modified sample. Mössbauer 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 Mössbauer spectroscopy revealed 

no changes in phase composition and dispersion. 

Key words: biogenic iron-containing materials, chemical modification, X-ray diffraction, Infrared spectroscopy, 

Mössbauer spectroscopy, CO oxidation. 

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
2+

 ions are transformed into Fe
3+

 

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 

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 PdCl2, 

Co(NO3)2.6H2O, and Mn(NO3)2.4H2O, 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 

PdCl2 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 Kα 

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
−1

). 

Mössbauer 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 
57

Co/Rh (activity  20 mCi) 

source and α-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. 

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
3
, and gas flow mixture of 

108 ml/min at CO:O2: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/Al-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. 

 

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 (α-Fe2O3) slightly higher intensity. 

XRD patterns for Co3O4 (PDF 01-076-1802), γ-

Fe2O3 (PDF 00-039-1346) and α-Fe2O3 (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
−1

) and lepidocro-

cite (3182, 1112, 1023, 976, 745 cm
−1

) as well as sur-

face carbonates (1482 plateau, 1639, 1656, 718 cm
−1

). 

The spectra of Pd+Co/BM, Co/BM, and Mn/BM 

show bands characteristic of lepidocrocite (3203, 

1115, 745, 1021 cm
−1

), nitrates (825, 1382 cm
−1

), and 

surface carbonates (1657, 1640, 1474, 1454, 719 

cm
−1

). 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
−1

) prove the presence of iron oxides 

and Со3О4. 

  

 

Fig. 2. Infrared spectra of modified samples before (a) 

and after (b) thermal treatment at 300 °C. 

Mössbauer 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 Mössbauer 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 (α-Fe2O3) and 

maghemite (γ-Fe2O3), that of maghemite being more 

intensive. Both sextets have reduced Heff values of 

about 10−20 T, which indicated that the particles 

were highly dispersed. Doublet components in the 

Mössbauer 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. 

  

 

Fig. 3. Room temperature Mössbauer spectra of modified 

samples thermally treated at 300 °C (a)  

and after catalytic test (b). 
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Table 1. Mössbauer parameters of modified samples thermally treated at 300 °C and after CO oxidation reaction 

 

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

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

 

Mössbauer 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 (α-Fe2O3). In the synthesis 

of Mn-modified sample, a ferrite MnFe2O4 phase 

was formed. It is presented in the spectrum by two 

sextet components with zero value of the quadruple 

split, indicating that the ferrite MnFe2O4 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-

Sample Components 
IS, 

mm/s 

QS, 

mm/s 

Heff, 

T 

FWHM, 

mm/s 

G, 

% 

BM 

TS300 

Sx1 – α-Fe2O3 

Sx2 – γ-Fe2O3 

Db1 – SPM 

Db2 – SPM 

0.37 

0.33 

0.36 

0.32 

-0.10 

0.00 

0.90 

2.13 

47.3 

41.8 

- 

- 

0.90 

1.98 

0.73 

0.56  

18 

70 

6 

6 

Pd/BM 
TS300 

Sx1 – α-Fe2O3 

Sx2 – γ-Fe2O3 

Db1 – SPM 
Db2 – SPM 

0.36 

0.33 

0.34 
0.32 

-0.11 

0.03 

0.61 
1.10 

49.4 

43.3 

- 
- 

0.60 

2.00 

0.40 
0.76 

22 

58 

9 
11 

Pd+Co/BM 

TS300 

Sx1 – α-Fe2O3 

Sx2 – γ-Fe2O3 

Db1 – SPM 
Db2 – SPM 

0.36 

0.33 

0.33 
0.30 

-0.11 

0.00 

0.66 
1.15 

49.6 

44.7 

- 
- 

0.52 

1.71 

0.41 
0.80 

25 

51 

11 
13 

Pd+Co/BM 

TS300, LNT 

Sx1 – α-Fe2O3 

Sx2 – γ-Fe2O3 
Db1 – SPM 

0.47 

0.41 
0.42 

-0.11 

0.03 
0.84 

52.3 

49.7 
- 

0.39 

0.90 
0.75 

33 

61 
7 

Co/BM 

TS300 

Sx1 – α-Fe2O3 

Sx2 – γ-Fe2O3 

Db1 – SPM 

Db2 – SPM 

0.36 

0.33 

0.33 

0.30 

-0.10 

0.01 

0.66 

1.15 

49.6 

44.6 

- 

- 

0.54 

1.67 

0.42 

0.79 

26 

51 

10 

13 

Mn/BM 
TS300 

Sx1 – α-Fe2O3 

Sx2 – MnFe2O4 

Sx3 – MnFe2O4 

Db1 – SPM 
Db2 – SPM 

0.33 

0.38 

0.31 

0.33 
0.32 

-0.11 

0.00 

0.00 

0.70 
1.32 

49.8 

44.8 

39.3 

- 
- 

0.40 

1.39 

2.00 

0.46 
0.69 

5 

31 

45 

10 
9 

BM 

TS300, after CO oxidation 

Sx1 – α-Fe2O3 

Sx2 – γ-Fe2O3 

Db1 – SPM 
Db2 – SPM 

0.37 

0.31 

0.34 
0.33 

-0.10 

0.00 

0.95 
2.12 

47.0 

40.8 

- 
- 

1.07 

2.00 

0.75 
0.59 

22 

66 

6 
6 

Pd/BM 

TS300, after CO oxidation 

Sx1 – α-Fe2O3 

Sx2 – γ-Fe2O3 

Db1 – SPM 
Db2 – SPM 

0.36 

0.34 

0.33 
0.33 

0.10 

0.00 

0.63 
1.07 

49.2 

43.1 

- 
- 

0.56 

2.00 

0.40 
0.79 

21 

59 

8 
12 

Pd+Co/BM 

TS300, after CO oxidation 

Sx1 – α-Fe2O3 

Sx2 – γ-Fe2O3 

Db1 – SPM 
Db2 – SPM 

0.36 

0.33 

0.33 
0.30 

-0.11 

0.01 

0.67 
1.18 

49.8 

45.0 

- 
- 

0.52 

1.76 

0.43 
0.89 

24 

53 

10 
13 

Co/BM 

TS300, after CO oxidation 

Sx1 – α-Fe2O3 

Sx2 – γ-Fe2O3 

Db1 – SPM 
Db2 – SPM 

0.36 

0.33 

0.33 
0.30 

-0.10 

0.01 

0.66 
1.15 

49.6 

44.6 

- 
- 

0.54 

1.67 

0.42 
0.79 

26 

51 

10 
13 

Mn/BM 

TS300, after CO oxidation 

Sx1 – α-Fe2O3 

Sx2 – MnFe2O4 

Sx3 – MnFe2O4 

Db1 – SPM 
Db2 – SPM 

0.33 

0.38 

0.31 

0.35 
0.32 

-0.11 

0.00 

0.00 

0.71 
1.33 

49.8 

45.0 

39.4 

- 
- 

0.40 

1.41 

2.00 

0.48 
0.73 

5 

30 

47 

10 
8 
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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. 

 

Fig. 4. Liquid nitrogen temperature Mössbauer 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 (γ-Fe2O3 

70%) is a predominant iron oxide in the initial 

biogenic material. According to some authors [38] 

γ-Fe2O3 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-FeOx 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 Fe2O3 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]. 

 

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 Mössbauer spectroscopy a 

ferrite MnFe2O4 phase was formed. Formation of 

solid solutions or FexMnyO4 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 Co3O4, γ-Fe2O3, and α-Fe2O3. A highly 

dispersed MnFe2O4 ferrite phase was formed in Mn-

modified sample. It has a cubic symmetry, spinel 

structure, and inverse ion distribution. It was proved 

by Mössbauer spectroscopy that the iron oxides and 

MnFe2O4 ferrite were nanosized highly dispersed 

entities. Metal ions oxidation state, phase composi-

tion, and dispersion of the test samples did not 

T. M. Petrova et al.: Iron-containing biogenic materials as catalysts 
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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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МОДИФИЦИРАНЕ И ОХАРАКТЕРИЗИРАНЕ НА ЖЕЛЯЗОСЪДЪРЖАЩИ БИОГЕННИ 

МАТЕРИАЛИ КАТО КАТАЛИЗАТОРИ ЗА РЕАКЦИЯТА НА ОКИСЛЕНИЕ НА СО 

Т. М. Петрова*, Д. Г. Панева, С. Ж. Тодорова, З. П. Черкезова-Желева, Д. Г. Филкова,  

М. Г. Шопска, Н. И. Велинов, Б. Н. Кунев, Г. Б. Кадинов, Ив. Г. Митов 

Институт по катализ, Българска академия на науките, ул. „Акад. Г. Бончев“, бл. 11, 1113 София, България 

Постъпила на 12 февруари 2018 г.;   Преработена на 14 март 2018 г. 

(Резюме) 

Настоящото изследване е насочено към получаване на модифицирани желязо-съдържащи биогенни мате-

риали и тяхното изпитване като катализатори в реакцията на окисление на CO. Модифицирането е осъществено 

чрез импрегниране на биогенен материал, получен в хранителна среда Lieske. Импрегнирането е извършено с 

използване на разтвори на паладиев хлорид, кобалтов нитрат и манганов нитрат. Пробите са охарактеризирани 

с рентгенова дифракция (XRD), инфрачервена и Мьосбауерова спектроскопия. Резултатите от XRD показват, че 

изходният биогенен материал е рентгеноаморфен, но въпреки това не се изключва наличието на смес от ниско-

кристални железни оксихидроксиди гьотит и лепидокрокит. Нагряване на Pd- и Co-модифицирани материали 

води до образуване на фази от Co3O4, γ-Fe2O3 и α-Fe2O3. В термично третираните проби, инфрачервените 

спектри потвърждават пълно трансформиране на оксихидроксидите до оксиди. Мьосбауерови спектри на проби 

обработени при 300 °С показват, че образуваните материали имат ниска степен на кристалност, която е специ-

фична характеристика за наноразмерни високо дисперсни оксидни материали. Дублетни компоненти в 

Мьосбауеровите спектри са показателни за наличието на наноразмерни високо-дисперсни частици демонстри-

ращи суперпарамагнитно поведение. При синтеза на образец модифициран с манган се формира феритна 

MnFe2O4 фаза. Мьосбауеров спектър, регистриран при температурата на течен азот, показва намаляване на 

дублетната част, което е типично за железни оксидни частици с размер под 4–10 nm. Всички изследвани 

образци показват активност в реакцията на окисление на СО, като най-високо активен е катализаторът моди-

фициран с манган. Анализ на Мьосбауеровите спектри на пробите след каталитични тестове не показва 

промени във фазовия състав и дисперсността. 
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