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Preparation of Fe-Pd/Al-Si-O catalyst using biogenic iron of cultivated Leptothrix
genus bacteria
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A composite has been prepared by modification of 0.3%Pd/Al-Si-O fibrous catalyst, synthesized by a sol-gel
method, with a biogenic material upon applying cultivation of Leptothrix genus of bacteria in a silicon-iron-glucose-
peptone elective medium. Samples were characterized by infrared spectroscopy, scanning electron microscopy with
energy dispersive X-ray analysis, low temperature adsorption of nitrogen, and X-ray photoelectron spectroscopy. The
hybrid material contained biogenic iron y-FeOOH. Catalytic activity in the CO oxidation reaction was monitored by in
situ diffuse-reflectance infrared spectroscopy. Catalytic activity tests were aimed at evaluating the catalytic performance
and examining a possibility to prepare iron-containing catalysts with biogenic material. Our study showed similarities
between catalytic performances of the studied systems, which are assigned to uniform and stable distribution of the
palladium and iron on the surface. The catalytic activity of synthesized composite was essentially due to Pd.

Keywords: biogenic iron-containing material; Leptothrix genus of bacteria; X-ray photoelectron spectroscopy; CO
oxidation; in situ diffuse-reflectance infrared spectroscopy; scanning electron microscopy with electron dispersive

analysis.

INTRODUCTION

Biogenic iron-containing materials are applicable
in the heterogeneous catalysis in gaseous or liquid
medium playing different roles as a catalyst precursor,
active component, catalyst support, and immobilizing
carrier. Investigations are concentrated on reactions
of oxidation, degradation of dyes, transformation of
secondary alcohols, formation of intermediates for
pharmacy and organic synthesis, CH, cracking,
mediation in dechlorination of Cl-containing hydro-
carbons [1-11].

Studies of natural biogenic material, a product of
Sphaerotilus-Leptothrix group bacteria metabolism
collected from small water streams at Vitosha
Mountain (Bulgaria), showed that an iron-contain-
ing ingredient is goethite [3]. Biogenic iron-contain-
ing materials obtained by laboratory cultivation of
Leptothrix genus of bacteria in different growth
media contained mixtures of a-FeOOH, y-FeOOH,
and y-Fe,0O; [12]. Both the natural and laboratory
obtained biogenic materials exhibited some catalytic
activity in the reaction of carbon monoxide
oxidation [3, 12]. Thus, the biogenic materials were
regarded potentially suitable as a catalyst support or
as active components in catalysts after modification.

Chemical methods for production of iron oxides
use toxic substances, consume much energy, and
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produce dangerous waste solutions [2, 7, 13-15]. Iron
oxide/hydroxide compounds are obtained in nature
because of iron biomineralization. Bio-inspired tech-
nologies imitate these processes including mediators
like microorganisms and phytochemicals. Such
methods are realized under ambient conditions and
have an ecology friendly character [2, 5, 6, 11, 15—
22]. Such a production does not require big invest-
ments and additional energy supply because iron
bacteria are normal cell metabolites.

The present investigation is concerned with
characterization of a hybrid material prepared by
deposition of biogenic iron on a fibrous Pd catalyst
by cultivation of iron bacteria in selected medium.
The following methods were used in the study: X-
ray photoelectron spectroscopy (XPS), scanning
electron microscopy with electron dispersive
analysis (SEM-EDX), infrared spectroscopy (IRS),
and low temperature adsorption of nitrogen
(Brunauer-Emmett-Teller method). In situ diffuse-
reflectance infrared spectroscopy (DRIRS) was
applied to monitor catalytic tests of the composite in
the reaction of CO oxidation.

EXPERIMENTAL

A 0.3%Pd/Al-Si-O fibrous catalyst, synthesized
by a sol-gel method [23], reduced at 400°C for 2 h,
and then kept in air was used. A Fe-Pd/Al-Si-O
sample was obtained by deposition of biogenic iron
on a previously prepared 0.3%Pd/Al-Si-O by culti-
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vation in laboratory conditions of the Leptothrix
genus of bacteria in a silicon-iron-glucose-peptone
elective medium (SIGP [24]) under static conditions
at 20°C. The fibrous material was sterilized by
autoclaving for 15 min at 1 atm and 120°C and then
added to the medium before its infection with the
bacteria. After a 36-day period of cultivation, the
product was collected through decantation, washed
with distilled water, and dried at 40°C for 24 h.
Specific surface area of the studied basic materials
was measured according to the BET method
(adsorption of N, at -196°C) by a NOVA-1200e
high-speed gas sorption analyser (Quantachrome
Instruments, USA). Prior to measurement, the
samples were evacuated at 100°C for 12 h. Pore size
distribution was estimated using the BJH method.
XPS measurements were carried out in the UHV
chamber of an ESCALAB-MkIlI (VG Scientific)
electron spectrometer with a base pressure of about
1x107° mbar (1x10 mbar during measurements) at
room temperature. The photoelectron spectra were
obtained using unmonochromatized AlKa (hv =
1486.6 eV) radiation. Passing through a 6-mm slit
(entrance/exit) of a hemispherical analyser enabled
detection of electrons of 20-eV energy by a channel-
tron. Because of a small signal for Pd 3d, 50-eV
pass energy was used. The instrumental resolution,
measured as the full width at half maximum
(FWHM) of the Ag 3ds, photoelectron peak, was
about 1 eV. The energy scale was corrected to the
C 1s peak maximum at 285.0 eV for electrostatic
sample charging. Processing of the measured spectra
included a subtraction of X-ray satellites and Shirley-
type background [25]. Peak positions and areas were
evaluated by a symmetrical Gaussian-Lorentzian curve
fitting. The relative concentrations of the different
chemical species were determined based on normal-
ization of the peak areas to their photoionization
cross-sections calculated by Scofield [26].
Scanning electron micrographs were recorded on
a MIRA3 FE-SEM microscope (TESCAN, Czech
Republic) working at accelerating voltage up to 30
kV and magnification up to 1000000x. Energy
dispersive X-ray analysis (EDX) (Oxford Instru-
ments, UK) of selected parts of the samples was
applied to determine chemical composition and
analyse Pd and Fe distribution in the catalysts.
Infrared spectra (IR) of the samples were
recorded on a Nicolet 6700 FTIR spectrometer
(Thermo Electron Corporation, USA) using the
method of dilution of studied material in KBr pellets
(0.5% of studied substance). The spectra were
collected in the middle region using 50 scans.
Catalytic activity in the CO oxidation reaction was
studied using a high-temperature vacuum chamber
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diffuse-reflectance accessory of the spectrometer
(Collector I, Thermo Spectra-Tech). Prior to
catalytic measurements, the samples were treated in
oxidative flow of 25% O, in N, in T;,em—200°C’s
interval in order to clean their surfaces. In situ
measurements were performed using a reaction flow
mixture of 9 vol.% CO, 11.4 vol.% O, in nitrogen at
88 ml.min’. The used interval of reaction tempera-
tures was T, ,om—250°C as well as T0m—300°C only
for 0.3%Pd/Al-Si-O. The temperature was raised
consecutively to the necessary reaction temperature
at a rate of 10 deg.min* and held for 30 min at each
attained level. This procedure was aimed at achieving
constant parameters of the studied system (constant
infrared spectra in selected conditions).

RESULTS AND DISCUSSION

BET measurements of the initial 0.3%Pd/Al-Si-O
catalyst determined a specific surface area of 29
m2.g ", Registered pore size distribution revealed a
mesoporous material (2-50 nm) displaying a pre-
dominant pore size of about 6.5 nm (Fig. 1). Deposi-
tion of biogenic iron-containing material slightly
changes composite surface properties: the specific
surface area of the Fe-Pd/Al-Si-O sample is 37 m%.g ™,
while predominant pore sizes are 3.8 and 5.3 nm.
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Fig. 1. Pore size distribution in the studied materials.

IR spectra of the samples were characterized by a
spectrum drop in the region under 1200 cm™ (Figs.
2 and 3). This feature is attributable to fibre sample
morphology and different refractive indices of
fibrous material and used matrix. Sets of bands
characteristic of alumina and silica supports were
registered at 570, 665 cm* (Al-O), and 570, 798
(Si-O) for the 0.3%Pd/Al-Si-O system and at 550,
583, and 664 cm™ (Al-O), and 380, 583, 790, and
1080 cm™ (Si-0) for the Fe-Pd/Al-Si-O system [27].
The IR spectrum of biogenic material cultivated in
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the absence of fibrous material proves the formation
of y-FeOOH in SIGP medium. This is shown as
inset in figure 3. Characteristic bands of lepido-
crocite were registered at 480, 575, 950, 1040, and
1150 cm™ [28-31].
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Fig. 2. IR spectrum of 0.3%Pd/Al-Si-O fibrous catalyst.
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Fig. 3. IR spectrum of Fe-Pd/Al-Si-O sample.
Inset — IR spectrum of biogenic iron-containing
material obtained in SIGP medium in absence of

0.3%Pd/Al-Si-O fibrous catalyst.

XPS measurements were performed to monitor
elements present on the surface and their oxidation
states. XP spectra of the substrate revealed occur-
rence of AI-O (probably Al,Q3), Si=O (character-
istic of SiO,), and Si—O species. Our XPS analysis
was focused on the Pd and Fe catalytic materials. It
was observed that palladium was present in two
different oxidation states on the surface of an as-
received Pd/Al-Si-O sample (prereduced and kept in
air), namely, Pd?* and Pd° at a Pd**/Pd° ratio of 0.4
(Fig. 4). Comparison with data acquired after calcina-

tion at 300°C for 30 min disclosed Pd redistribution
giving rise to about a 20%-increase in surface
concentration of the palladium (from 2.5x107° to
3x10°° at.%). Both forms of Pd were present but the
Pd*/Pd° ratio was changed to two.
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Fig. 4. High resolution XP spectra of Pd
and respective Pd**/Pd° ratios.

High resolution XP spectra of as received fresh
and used Fe-Pd/Al-Si-O samples demonstrated the
presence of iron in two forms, Fe** ~ Fe?* at a
Fe/(Al+Si) ratio of about 10.5x1072 (Fig. 5).
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Fig. 5. High resolution XP spectra of Fe in
Fe-Pd/Al-Si-O sample and standards used.
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Iron occurrence in both forms was concluded
after comparison of the measured XP spectra with
standard spectra of Fe®* and Fe*" and a mixture of
equal amounts of Fe”* and Fe** [32]. A very low
amount of palladium, within the limits of instrument
error, was observed (two bottom lines in figure 4).
Additionally, we observed contaminations of C, ClI,
and F from preparation procedures, which are not
discussed.

The studied samples were tested in the reaction
of CO oxidation. The process was monitored in situ
by diffuse-reflectance infrared spectroscopy. Collected
spectra are shown in figures 6 and 7. CO appears in
all spectra as a doublet centred at 2144/2142 cm™*
[27]. The two wings are not symmetrical, which
directs to availability of adsorbed form of CO on the
surface of both samples. CO, is a reaction product
and it was registered by a band at about 2333/2335
cm* [27]. On increasing the reaction temperature,
the CO characteristic doublet was decreased in inten-
sity whereas the CO, band intensity was increased.
The observed changes were more pronounced in the
case of the 0.3%Pd/Al-Si-O system. A general
observation in both studied systems was a gradual
loss of OH surface coverage, which was well visible
above 150°C through an intensity decrease of the
band at about 3400 cm* [27].
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Fig. 6. In situ DRIR spectra collected during CO
oxidation in the presence of 0.3% Pd/Al-Si-O fibrous
catalyst.

Catalytic activity of the used materials was
evaluated through changes in CO gas-phase band
integral intensity on increasing the temperature. A

82

2.5-fold decrease of the carbon monoxide in the
reaction mixture was measured over the Pd/Al-Si-O
catalyst at 250°C. Fe-Pd/Al-Si-O manifested nearly
a 2-fold decrease at this temperature. An additional
2-fold decrease was determined for 0.3%Pd/Al-Si-O
after a temperature rise from 250 to 300°C.
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Fig. 7. In situ DRIR spectra collected during CO
oxidation in presence of biogenic iron-containing
Fe-Pd/Al-Si-O sample.

Figure 8 shows calculated CO conversions in
conducted experiments. 0.3%Pd/Al-Si-O demon-
strates an almost constant increase in activity with
reaction temperature rise. Biogenic iron-containing
material demonstrates a slightly lower activity
despite that it contains two potentially active com-
ponents in oxidation reaction, namely Pd and the
redox couple of Fe**-Fe*". Actually, the Fe-Pd/Al-Si-O
system manifests a CO conversion at 50°C showing
that the biogenic iron-containing material has
intrinsic activity. The 0.3%Pd/Al-Si-O sample has
very low activity at 50°C and becomes more active
at higher temperatures. The obtained results corres-
pond to a necessity of Pd to be converted in active
form. Thus, the experiment indicates that the initial
material changes with time on stream. Formation of
more or a less active iron-containing phase in the
Fe-Pd/Al-Si-O sample can be supposed to occur in
the interval 150-200°C giving rise to a shift of the
curve but keeping the slope at higher temperatures.
Our previous investigations on the catalytic activity
of biogenic iron-containing materials showed that
FeOOH modifications were converted to respective
Fe,O; under these conditions [12].
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Fig. 8. CO conversion on studied samples.

Spent samples (after catalytic measurements)
were studied by SEM and XPS. SEM images
(Figures 9 and 10) show broken fibres (visible as
dark area) with deposited phases of Pd/PdO and
biogenic iron (visible as light area). EDX study
showed uniform distribution of Pd on the surface in
both tested catalyst samples. However, iron was
unevenly distributed, sometimes as being predomi-
nantly concentrated on fibre edges. The latter obser-
vation corresponds to very small changes of specific
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surface area after deposition of biogenic iron as
determined by BET measurements of the hybrid
material. As it is shown on both sample map sum
spectra, Pd concentration is 0.7(1) wt.% and that of
Fe is 18.8%. These results show that the expected
composition of the hybrid sample has been achieved.
SEM-EDX analyses revealed a Pd concentration
value, which is not in contradiction of XPS data. A
registered very low amount of Pd, within the error
limits of the ESCALAB instrument, is due to
method constraints. Both methods derive informa-
tion on sample surface from different depth.
Sampling depth of XPS analysis is up to 10 nm
(depending on the Kkinetic energy of detected
electron), however, for SEM-EDX it is up to 5 um.
Thus, XPS results show that Pd is ‘buried’ in the
alumina-silica matrices of the fibrous material [23]
and additionally by deposited biogenic iron as the
depth is more than 10 nm. Therefore, Pd is
detectable by the SEM-EDX method but not
completely by the XPS.

In this context, a lower catalytic activity of the
hybrid material can be explained by partial pore and
Pd surface blocking, as seen by iron surface
concentration in the composite material, which is
more than one order of magnitude higher than that
of palladium.
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Fig. 9. Electron images of spent 0.3% Pd/Al-Si-O fibrous material, EDX map sum spectrum and EDX map of
Pd(Lal) distribution.
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Fig. 10. Electron images of spent biogenic iron-containing Fe-Pd/Al-Si-O sample, EDX map sum spectrum and EDX
maps of Pd(Lal) and Fe(Kal) distribution.

High resolution XPS analysis of the tested
samples revealed existence of Pd® only on the surface
of the 0.3%Pd/Al-Si-O sample at a Pd/(Al+Si) ratio
of 2.3x107, which was similar to that in the fresh
sample (Fig. 4). Comparative XPS investigation of
the fresh and spent 0.3%Pd/Al-Si-O system proved
transition of Pd®* to Pd°. This supports a process of
Pd transformation into an active form with time on
stream at elevated temperatures due to reduction of
Pd by CO in the mixture. The fibrous Fe-Pd/Al-Si-O
catalyst with deposited biogenic iron was almost
unchanged after the catalytic test. Palladium amount
was preserved (within the error limits of the XP
spectrometer) at a Pd/(Al+Si) ratio of 1.7x107. Iron
was present in two forms on the surface, Fe** =~ Fe**,
at a Fe/(Al+Si) ratio of 11.4x107* (Fig. 5).

The results obtained on studying spent samples
by SEM and XPS allow concluding that a close cata-
Iytic behaviour of both the studied systems is due to
stable dispersion of Pd and iron on the catalyst
surface that is preserved during/after reaction.

CONCLUSIONS

This study indicated that the catalytic activity of
both 0.3%Pd/Al-Si-O and Fe-Pd/AI-Si-O systems was
essentially due to palladium. Despite the presence of
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a Fe*-Fe** couple, which is active in oxidation
reactions, no synergism was observed. Similarities
between the catalytic performances of the studied
systems could be explained by uniform and stable
distribution of palladium and iron on the surface,
which is preserved under reaction conditions.
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CHUHTE3 HA KATAJIM3ATOP Fe-Pd/Al-Si-O CbABPXKAIL BUOT'EHHO XKEJISA30 YPE3
KVYJITUBUPAHE HA BAKTEPUU OT POJIA LEPTOTHRIX
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Upe3 xyntuBUpaHe Ha Oaktepuu oT poma Leptothrix B cpema cuamMumii-Kens30-TIOKO3a-TMENTOH € OTI0XKCHO
OUOTEeHHO KeIlsi30 BhpXy BiakHecT katanuzatop 0.3%Pd/Al-Si-O. Taka e nonyuen kommnosuteH marepuan Fe-Pd/Al-Si-O.
Metonute wuH(ppauepBeHa CHEKTPOCKOMHMS, CKAHUpalla EJICKTPOHHA MHKPOCKOMUS (C CHepruiiHO TUCHEepPCHUBEH
PEHTTCHOB aHalu3), HUCKOTeMIepaTypHa aacopOius Ha a30T M PEHTIeHOBa (HOTOCICKTPOHHA CIIECKTPOCKOMHs Osixa
W3MON3BAHHU [IPU OXapaKTepH3HUpaHe Ha M3CIeABAaHUTE 00pasli. Y CTAHOBEHO 0e, e XUOPUAHHUAT MaTepHal ChIAbpPXKa
Ouorenen nenugokpokut, y-FEOOH. Karamutuunara akTHBHOCT Ha o0OpasuuTe Oe H3CliefBaHa B peakluara Ha
oxucienne Ha CO. [oBenenuero Ha cuctemure Oe perucTpupano in Situ upes andysHo-oTpaxkaTenHa nH(padepBeHa
crieKTpocKonusi. KaTanuTHIHUTE U3MUTAHNS LIe/sIXa OIICHKa Ha Ka4ecTBaTa Ha CHCTEMH, [OIyIeHH [IPH MOIUbHIpaHe
Ha OWoreHHO ens30. Brnaknectusr katamusatop 0.3%Pd/Al-Si-O u xubpunuust marepuan Fe-Pd/Al-Si-O nokasaxa
nOoM00HM KATAIUTHYIHE OTHACSHUA. TOBa Ce NBDKM Ha €IHOPOAHOTO M CTaOWIIHO pas3lpelelicHHe HA Hanagus U
XKEISI30TO MO IOBBPXHOCTTAa Ha 00pasuure. Bbhopekn, Ye Ha CHHTE3UpAaHHs KOMIIO3UT € MpPHUChHINA KAaTaTUTHYHATA
aKTHBHOCT TIPH HHUCKH TEMIICPATypH, PETHCTPHpaHaTa aKTHBHOCT B M3CICABAHHUS HHTEPBAIl OT DPEaKUHOHHU
TEMIIEPATYPH JI0 TOJIIMA CTCTICH Ce IBb/DKH Ha TaaIus.
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