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Comparative analysis of the catalytic behaviour in CO oxidation of iron containing
materials obtained by abiotic and biotic methods and after thermal treatment
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This work concerns synthesis of iron oxide containing materials by biotic and abiotic methods and comparison of
their properties aimed at finding a common point of intersection that may determine a possible replacement of abiotic
materials. Biosynthesis comprised Lepfothrix genus of bacteria cultivation in growth medium of Adler. Thermal
treatment of biomass samples was used in order to approximate synthesis conditions of the biogenic iron oxide material
to those of abiotically obtained hematite. The catalytic activity of the samples was measured in the reaction of CO
oxidation by two ways: in situ infrared spectroscopy using a diffuse-reflectance measuring chamber of Nicolet 6700
spectrometer high-temperature vacuum accessory and a flow-type glass reactor. Biomass showed low CO conversions
up to 200°C but an increase at 250°C was registered by both used methods. This increase was accompanied by phase
transformation. Initial catalytic activity was a result of predominant work of lepidocrocite, whereas a higher activity at
250°C was due to formed maghemite. Abiotic hematite was a bit more active below 240°C than a thermally treated
biomass sample in flow-type glass reactor experiments. At higher temperatures, both materials demonstrated the same
CO conversion. Spent samples did not show any changes of composition. Although the studied samples were
synthesized by different methods, which resulted in different original iron oxide phases, their catalytic performance was
very close. Thermally treated biomass samples (obtained by cultivation in Adler’s medium) could replace chemically
obtained iron oxide as a catalyst in the studied reaction.

Keywords: biogenic iron-containing material, Lepfothrix genus of bacteria, CO oxidation, in situ diffuse-reflectance

infrared spectroscopy, chemically synthesized iron oxide.

INTRODUCTION

Iron oxide compounds are widely used in cataly-
sis as active components or as ingredients that im-
prove performance of other catalytically active ma-
terials. Various methods are used for their synthesis.
Chemical methods use toxic substances, consume
much energy, and produce hazardous waste solu-
tions. [1-5]. Despite these drawbacks the obtained
prod-ucts are of good purity and, usually, have well-
de-fined properties. In nature, iron oxide and iron
hy-droxide compounds are obtained owing to iron
bio-mineralization. Bio-inspired technologies are
aimed at imitating these processes by inclusion of
different mediators like microorganisms and phyto-
chemicals. These methods are realized at ambient
pressure and temperature and manifest ecology
friendly features [3,4,6—15]. However, the obtained
products exhibit a multicomponent character.

This work is aimed at comparing the properties
of iron oxide containing materials, synthesized by
biotic and abiotic methods, in order to find a com-
mon point of intersection that will determine a pos-
sible substitution of the abiotic materials.
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EXPERIMENTAL

Magnetite, Fe;O4, was synthesized by a chemical
route in which FeSO4 and Fe(NOs); solutions were
mixed, purged for 30 min with N, and then preci-
pitated by addition of NaOH solution at pH = 13.5.
The obtained precipitate was washed with distilled
water and ethanol and dried at 70°C. The syn-
thesized Fe;O4 was calcined at 450°C for 2 h to be
converted into a stable form of iron oxide.

Biogenic iron-containing material was supplied
by Prof. V. Groudeva and coworkers from the
Faculty of Biology at St. Kliment Ohridski Univer-
sity of Sofia. Biosynthesis has been performed by a
six-month cultivation of bacteria from Leptothrix
genus in growth medium of Adler. In the literature,
it is referred to a medium that is suitable for cultiva-
tion of Sphaerotilus-Leptothrix group of bacteria
[16]. Obtained biomass has been separated by de-
cantation of the liquid, washed by distilled water,
and dried at 40°C.

The catalytic activity of the samples was studied
in a test reaction of CO oxidation. Experiments with
the biogenic material were performed in two dif-
ferent ways. One of them involved reaction in a high-
temperature vacuum chamber (HTVC) accessory of
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Nicolet 6700 spectrometer and was monitored in
situ by diffuse-reflectance (DR) infrared spectro-
scopy. Before catalytic measurement the sample was
subjected to a surface cleaning procedure in a flow
mixture (40 ml.min') of N,+0, (25 vol.% O,) at
temperatures up to 200°C. Further, the measure-
ments were performed using a gas flow mixture of
88 ml.min™ (9 vol.% CO, 11.4 vol.% O, N») at
various reaction temperatures (100, 150, 200,
250°C) at a heating rate of 10 deg.min' and a 30-
min soak at each attained level. This procedure was
used in order to achieve constant parameters of the
studied system (constant infrared spectra for selected
conditions). The second mode considered the CO
oxidation reaction in a flow-type glass reactor
(FTGR) with 0.3-cm’ samples (mesh of 0.63-0.8
mm). CO conversion was followed by a Hewlett
Packard 5890 Series Il gas chromatograph. Elapsed
time to attain steady state working conditions was
different depending on the reaction temperature (50,
100, 200, and 250°C). To approximate synthesis
conditions of the biogenic iron oxide material to the
chemically obtained counterpart, the biomass sample
was pretreated in the glass reactor using a flow
mixture of 1760 ppm CO, 0.92 vol.% O, and N, at
a GHSV of 40000 h™' from ambient temperature to
300°C. The latter composition of the flow mixture
was further used for catalytic tests of both samples.
Such a preconditioning was assumed applicable to
compare the catalytic properties of both the biogenic
and synthetic materials.

All ‘as synthesized’ biomass samples, thermally
treated and spent after catalytic tests, were studied
by transmission infrared spectroscopy in the far and
middle regions using KBr pellets containing 0.5 or
1% of studied substance. Spectra were recorded on
the same spectrometer.

RESULTS AND DISCUSSION

Spectra of biomass obtained after cultivation of
Leptothrix genus of bacteria (Fig. 1a) show bands
characteristic of y-FeOOH at 277, 371, 398,
474/480, 560, 748, 882, 1022, and 1152 cm™' [17—
21]. However, the spectral features direct also to the
presence of some y-Fe;O3 (broad bands at about 398
and 560 cm' and a shoulder at about 330 cm™') and
a-FeOOH (bands positioned at about 277, 398, 882,
and ~3152 cm™') [17-21]. The analysis allows
claiming that the biomass contains lepidocrocite
(y-FeOOH) as a predominant phase with some
amounts of hematite (a-Fe;Os) and maghemite
(y-Fe,03). In a previous study of biomass obtained
by cultivation of Leptothrix bacteria in various
cultivation media [22,23] y-FeOOH has been found
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as an essential component in an iron-containing
material formed in Adler’s medium by Mdssbauer
spectroscopy and XRD.
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Fig. 1. Transmission infrared spectra of a biomass sample
in the far (a) and middle (b) regions: a — fresh biomass
sample; b — spent sample after catalytic measurements in
the high-temperature vacuum chamber; ¢ — spent sample
after a catalytic test in a flow type reactor.

In situ DR spectra recorded during the reaction
of CO oxidation over a biomass sample (Fig. 2)
disclose bands at 1890, 1974, and 3209 cm’
characteristic of iron oxide/oxyhydroxide structures
and the characteristic doublet of CO in the reaction
system with a minimum centred at 2142 cm™' [23].
Integrated intensity of the CO bands was accepted
as a measure of catalytic activity of the studied
samples in this set of experiments. It decreased on
increasing the reaction temperature (Fig. 3, HTVC).
The decrease in integrated band intensity of the gas
phase CO amount was about 40% at 250°C. The
changes were accompanied by a decrease and
disappearance of the bands at 1890 and 1974 cm™,
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as it is seen in figure 2 in the spectrum taken at
250°C. Changes during the course of the catalytic
reaction at 250°C are in accordance with a phase
transition process FeEOOH — Fe,O; [21].
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Fig. 2. In situ diffuse-reflectance infrared spectra of
a biomass sample recorded at different reaction
temperatures.

Spectra of the spent sample (Fig. 1b) confirm the
phase transformation. The bands at 336, 400, and
562 cm ! are characteristic of maghemite y-Fe,O; [17].
Bands at 336 and 562 cm ™' propose also presence of
hematite a-Fe,Os. Formation of these modifications
of the iron oxide is expected as the initial sample
contains o,y-FeOOH that is converted into the res-
pective oxides under such conditions [21]. The
presence of some unconverted lepidocrocite should
not be excluded because of the wide band at 440
cm ' and that of very low intensity at 1022 cm™.

Catalytic measurements of biomass samples
obtained by the both used technical methods showed
a low CO conversion up to 200°C and an increase at
250°C (Fig. 3). This increase was accompanied by
phase transformation that started at 200°C and
continued at higher temperatures, as evidenced by
the infrared spectra displayed in figure 2. Bearing in
mind the different reaction conditions of applied
experimental setup for examination of the catalytic
properties of the biomass, the conversion of carbon
monoxide registered at 250°C should be related to
sample composition by the end of the process of
phase transformations. Analysis of the spectra of
biomass tested in the HTVC shows the presence
mainly of maghemite and small amounts of hematite
and lepidocrocite. After reaction for 150 min in the
flow-type glass reactor (FTGR, Fig. 3) the biomass
contained mainly maghemite and some amount of
hematite (larger than that of HTVC experiment) and
lepidocrocite. The far IR spectrum of a spent sample
after catalysis in the flow-type reactor (Figs. la.c)

resembles that of a spent biomass sample after a
catalytic test conducted in the diffuse-reflectance
accessory (Figs. 1a,b). However, the former suggests
the presence of a bit higher amount of hematite
taking into account the increased intensity of the
band at about 336 cm™' and broadening of the band
at 562 cm'. These results allowed us to accept that
the chemical composition of the studied biomass
samples was the same or nearly coincided with that
resulted at 250°C under the reaction conditions used
in both types of experiments.
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Fig. 3. Change of catalytic activity in dependence of
reaction temperature: HTVC — evaluated by a decrease of
integral CO gas band intensity; FTGR — CO conversion.

Abiotic magnetite and biomass samples were
thermally treated before examination in the flow-
type glass reactor. The aim of this pretreatment was
to obtain a relatively stable sample composition and
to approximate to some extent the conditions of
material preparation, which is a prerequisite for their
comparative study. Infrared spectra of ‘as synthes-
ized’ and calcined abiotic iron oxide are displayed
in figure 5. Spectrum ‘a’ confirms that the obtained
iron oxide is magnetite (bands at 398, 455, and 576
cm ). Spectrum ‘b’ shows bands at about 310, 385,
462, and 540 cm ™', all characteristic of hematite [10,
21]. The result indicates that calcination of the
magnetite at 450°C for 2 h is sufficient to convert
this compound in a most stable form. Thermally
treated biomass produced an infrared spectrum with
bands located at about 333, 408, 440, and 565 cm™!
(Fig. 4a). Their intensity and position correspond to
those of the spent biomass samples after HTVC and
FTGR catalytic tests (Figs. la,b) and (Figs. la,c),
respectively. These features correspond to a complex
composition of the thermally treated biomass con-
taining maghemite, hematite, and Ilepidocrocite.
Maghemite is still the predominant phase, while
hematite and traces of unconverted lepidocrocite
exist together with the main phase as it is shown for
mentioned spent samples.
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Fig. 4. Far-IR transmission spectra of biomass samples:
a — thermally treated biomass sample; b — thermally
treated biomass sample after catalytic test.
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Fig. 5. Far-IR transmission spectra of abiotically
synthesized iron oxide: a — ‘as synthesized’ sample
(Fes04); b — after calcination of abiotic sample at 450°C
for 2 h (a-Fe;03); ¢ — calcined abiotic sample after
catalytic test in a flow-type reactor.

Catalytic measurements of abiotic hematite and a
thermally treated biomass sample in the flow-type
glass reactor showed that at temperatures below
240°C the abiotic sample is a little bit more active.
Both materials demonstrate the same CO conversion
level in the reaction of CO oxidation at temperatures
higher than 240°C (Fig. 6). Spectra of spent samples
after the catalytic tests did not show any changes
under reaction conditions (cf. spectra ‘a’ and ‘b’ in
Fig. 4 and spectra ‘b’ and ‘¢’ in Fig. 5). Despite the
different methods of sample synthesis that result in
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different original iron oxide phases, the catalytic
performance in the reaction of CO oxidation is very
close.
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Fig. 6. Catalytic performance of biogenic iron-containing
sample and abiotic hematite in the CO oxidation reaction
registered using a flow-type glass reactor.

In conclusion, it should be noted that: (i) the
catalytic activity up to 200°C of biotically obtained
iron-containing material in the reaction of CO
oxidation is a result of predominant work of lepido-
crocite, but the increase in activity at 250°C is due
to formed maghemite; (ii) a biogenic material ther-
mally treated at 300°C is composed of maghemite,
hematite, and lepidocrocite and showed almost the
same catalytic activity in the reaction of CO
oxidation like abiotically obtained hematite; (iii)
both biogenic and abiotic thermally treated samples
preserved their composition during the catalytic
tests; (iv) thermally treated biomass, prepared by
Leptothrix genus of bacteria cultivation in Adler’s
growth medium, could replace chemically obtained
iron oxide as a catalyst in the studied reaction.
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CPABHUTEJIEH AHAJIN3 HA KATAJIMTUYHOTO ITOBEJJIEHUE B OKUCJIEHUE HA CO HA
KEJA30-CbABPKAIIN MATEPUAJIN ITOJIYYEHU C ABUOTUYHU 1 BUOTUYHU METOAN U
CJIEJ] TEPMHUYHA OBPABOTKA

M. Illoncka*, C. Togoposa, Wi I7Iop;:[aHOBa, C. Mongan', I'. Kagunos

Hnuemumym no kamanus, bvreapcka akademus na naykume, yi. ,,Axao. I'. Fonueg*, 0. 11, 1113 Cogus, bvreapus
1 Henapmamenm no xumus, Unouticku mexunonoeuver uncmumym, Jenxu Xaysz Kac, Hro [eaxu 110016, Unoua

[octpnuna Ha 12 cenremBpu 2015 r.; IIpepaGorena Ha 6 HoemBpu 2015 .
(Pe3rome)

W3zcnenBaHeTo € cBbP3aHO C MOITydYaBaHE Upe3 OMOJOTWYEH MM HEOMOJIOTMYEH METOJ] Ha MaTepHaNIN ChAbPIKAIIN
JKEJIe36H OKCHI M CPABHABAaHE Ha TEXHUTE CBOWCTBA 3a Jla CE HAMEPH IIPEeceUHa TOUYKa OIMpPEAENIAINa Bb3MOXKHOCT 3a
3aMecTBaHe Ha aOHMOTHYHHUTE MaTepuald. DHOJIOTMYHUAT CHHTE3 BKIIOYBA KyJTHBHpAaHE Ha OakTepus OT poja
Leptothrix B cpena Ha Amiep. M3mon3BaHa e TepMudHa 00paboTka Ha obOpasell oT OwoMaca 3a Hamojo0sBaHe Ha
YCJIOBUSTA HA CHHTE3 Ha OMOTeHHUS JKeJle3eH OKCHJI Ha Te3H Ha NoJyuyaBaHe Ha HeOMoreHeH xemarut. KaranuruuHara
AKTUBHOCT Ha 00pasiuTe ¢ u3MepeHa B peakiusaTa Ha okucieHue Ha CO 1o JBa HA4YMHA — 4Ype3 ,,uH CUTy" Audy3HO-
oTpaxkaTesHa MH(ppauYepBeHa CIIEKTPOCKOINMS B KIOBETa 3a U3CJIE/IBaHE P BUCOKA TEMIIEPaTypa U B CTHKIIEH PEaKkTop
OT IpoToueH Tun. M mpu 1Bara MeTosa Ha u3cienBaHe OMomacaTa rmokasa Hucka konsepcus Ha CO mpu temrepaTtypu
J0 200°C, Ho ce peructpupa nosumenue npu 250°C. HapacTBaHeTo Ha akTUBHOCTTA € CBHIIPOBOAEHO OT IPOMSIHA BB
(a3oBus cheraB. HauamHara katanTuTH4Ha aKTUBHOCT € PE3yJITaT OT MPpeodiiagaBalll IPHHOC Ha JIEHOKPOKUTA, TOKATO
mo-Brucokara aktuBHOCT mpH 250°C ce ApmKH Ha 0o0pa3yBaHETO HAa MarxeMmuT. EKCIepUMEHTHTE NpPOBEICHH B
MPOTOYCH PEaKTOp MOKa3axa, de mpu Ttemmeparypa mox 240°C aOMOTHYHHAT XEMAaTHUT € MAaJKO IT0-aKTUBEH OT
TepMUYHO 00paboTeHus obpaszer] oT Omomaca. J[BaTa BHIa MaTepHalld TMOKa3axa eqHa U china kousepcus Ha CO mpu
0-BUCOKH TemriepaTtypu. ChCTaBBT Ha 0TpabOTEHUTE 00pasly HE ce pa3nnyaBa. Bernpeku, de u3cieaBaHuTe 00pa3nn
Ca CHHTE3MPAaHH 10 PA3IMYeH HAuYWH, BOJEII JI0 Pa3iMYHH HAa4anHU (a3u OT JKeJIEe3HH OKCHIW, KaTAIUTHYHHTE UM
CBOMCTBa ca MHOTo Oyiu3ku. TepmuuHo 00paboTeHr OMOreHHN 00pas3iy, MOJYYEeHH Ype3 KyJITHBUpaHe Ha OakTepuuTe B
cpena Ha Ajutep, OMxa MOTJIM Jla 3aMECTST KaTo KaTalnu3aTop 3a M3cjelBaHaTa peakLus jKelne3eH OKCUJ MOJyUYeH 4pe3
XUMHNUYCH CUHTE3.
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