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Abstract

Novel efficient structured combustion catalysts based on sintered metal fibre filters (MFF) were developed. To increase
specific surface area (SSA), metal fibres were coated by crack-free porous oxide films of SiO2, Al2O3, porous glass, and
mesoporous SBA-15 silica. The composite materials presented uniform open macrostructure of the non-treated MFF filters
and were suitable supports for deposition of catalytically active phases (Pd, Pt, and Co3O4). These catalysts were tested in
hydrocarbon (CH4, C3H8) combustion. Co3O4 supported on MFF without any coating (6.8% Co3O4/MFF) was the most
active for propane total oxidation. At the same time in methane combustion the activity of this catalyst was relatively low.
Pd supported on the MFF coated by mesoporous SBA-15 film (0.5% Pd/SBA-15/MFF) demonstrated the highest activity in
methane total oxidation due to the high palladium dispersion.

The SBA-15 film supported on MFF provided the highest dispersion of the deposited noble metals (Pd, Pt) with an average
particle size∼2.0 nm. The metal nanoparticles formed within the mesopore channels were stable against sintering during
calcination and the particle diameter was observed not to exceed the diameter of the silica pores. These catalysts did not
undergo deactivation under reaction conditions at temperatures up to 500◦C. On the contrary, the Pd supported on MFF
coated by the microporous SiO2 and Al2O3 films, prepared by sol–gel technique, suffered from metal sintering during the
calcination step and also during reaction, demonstrating strong catalyst deactivation.

The catalytic filters are suitable materials for assembling different multiple layers to obtain structured catalytic beds with the
composition/concentration gradients of active component in the axial direction. The enhanced overall catalytic performance
was observed in adiabatic catalytic reactor during propane combustion due to a synergy of the 0.5% Pd/SBA-15/MFF and the
0.5% Pt/SBA-15/MFF catalytic layers assembled in the appropriate order forming gradient catalytic bed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The choice technology for the treatment of automo-
bile exhausts and various industrial emissions is cat-
alytic combustion. In catalytic reactor-incinerators the
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requirements of low pressure drop lead to the replace-
ment of random packing by a regular catalyst arrange-
ment, which is also known as “structured catalyst”.
Commercially available structured combustion cata-
lysts are usually ceramic or metallic monoliths with
open channels. They have well-known advantages
compared to randomly packed catalytic beds[1]. No-
ble metals or transition metal oxides supported on
the oxide outer layer (washcoat) of monoliths are
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effective catalysts for total oxidation of volatile or-
ganic compounds. Recently, we have shown that the
catalysts based on woven glass fibres[2,3] and metal
wire grids [4–6] are suitable for the design of struc-
tured combustion reactors. Glass fibre materials made
from very thin filaments (d = 5–20�m) have open
regular macrostructure providing a low pressure drop
during the gas passage in addition to mechanical elas-
ticity and thermal shock resistance. Catalytic beds ar-
ranged from metal wires (d = 50–500�m) present an
open regular structure and suitable mechanical proper-
ties. Due to their high thermal conductivity, a decrease
in the hot spots formation is observed in exothermic
reactions. The creation of a porous oxide layer on the
metal surface is necessary for active phase deposition.

Sintered metal fibre filters (MFF), consisting of thin
metal filaments (d = 2–30�m) [7] combine the ad-
vantages of structured metal wires with the properties
of fibrous materials. The micro-fibrous metal filters
are mechanically and chemically stable. Available in
the form of panels of different thickness, they pos-
sess uniform highly porous 3D macrostructures with
porosity ranging between 70 and 90%. High thermal
conductivity of the metal fibre matrix provides a radial
heat transfer coefficient in the catalytic bed about two
times higher compared to randomly packed beds[8],
resulting in nearly isothermal conditions in the reac-
tor. The micro-fibre matrix acts also as a micron scale
static mixer avoiding channelling. The small fibre di-
ameter allows to obtain a thin oxide coating increas-
ing specific surface area of the MFF. At the same time
thin coating renders the catalyst with improved mass
transfer resistance since the pores are short and the
reactant diffusion does not limit the reaction. Another
advantage of the catalytic filters is the simultaneous
filtration of solid particles and combustion of gaseous
pollutants.

The goal of this study was to develop efficient com-
bustion structured catalysts based on sintered MFF
and to test them in the total oxidation of propane
and methane. The materials are suitable for assem-
bling catalytic layers with different composition to
built structured adiabatic combustion reactors. The
MFFs, made of temperature stable alloy (Inconel
601), were coated by a uniform porous oxide layer in
order to increase the MFF specific surface area and to
stabilise the supported active component against ag-
glomeration. Palladium, platinum and cobalt oxide as

catalytically active phases were investigated. In order
to establish a relationship between catalyst activity
and active phase dispersion depending on the surface
morphology and chemical composition of the support,
different types of oxides, like SiO2, Al2O3, porous
glass and mesoporous SBA-15 silica were deposited
on the MMF.

2. Experimental

2.1. Materials

Sintered metal fibre filters Bekipor ST 20AL3 (In-
conel 601) in the form of a panel with thickness of
0.49 mm was supplied by Bekaert Fibre Technology
(Belgium) and used as a support for the catalyst prepa-
ration. This material consisting of thin metal fibres
(d = 6–12�m) has porosity of 81% and wetness ca-
pacity of∼40 wt.%.

LUDOX AS-40 colloidal silica (Aldrich, 40 wt.%)
and poly(ethylene glycol)-poly(propylene glycol)-
poly(ethylene glycol) block copolymer, EO20PO70-
EO20 (Aldrich: Pluronic 123,Mav = 5800) were
used to prepare SiO2 and SBA-15 films. All other
chemicals (“purum”) were supplied by Fluka.

2.2. Catalyst preparation

Different oxide films deposited on metal fibres are
listed inTable 1.

The sol–gel solvent evaporation method[10,11]
was employed for the synthesis of silica, alumina
and mesoporous SBA-15 films. A Vycor-type porous
glass layer was preparedvia deposition of the pre-
cursors of sodium borosilicate glass components on

Table 1
Catalytic supports based on sintered metal fibre filter (MFF)

Support Coating
preparation
method

Oxide
content
(wt.%)

SSA
(m2/g)

Pore
size
(nm)

MFF – – <1 –
SiO2/MFF Sol–gel 5.0 19 <2
Al2O3/MFF Sol–gel 5.0 13 <2
SBA-15/MFF Sol–gel 5.5 40 6.0
PG/MFF Glass film preparation

+ acid treatment
4.5 16 <2
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the fibre surface followed by their melting and acid
treatment[12–14]. As it is known, the melt of sodium
borosilicate glass, when cooled below its liquidus
temperature, separates into two intertwined phases:
a phase soluble in strong mineral acids and an in-
soluble one. Acid treatment of the phase-separated
glass removes the soluble phase resulting in a porous
(d = 1–5 nm) silica-enriched glass.

In a typical SiO2 coating preparation, 5 ml of H2O
and 5 ml of concentrated HCl were added into the so-
lution of 20 g of tetraethoxysilane (TEOS) in 30 ml of
ethanol with stirring for 2 h at 70◦C. The MFF were
impregnated with this solution, dried at room tem-
perature for 14 h, and calcined in air at 450◦C (2 h).
The SiO2 content was determined gravimetrically to
be 5.0 wt.%.

The Al2O3 coating was prepared as reported in[15]
using the solution containing 17.5 g of Al(i-C3H7O)3
with 8.6 g of acetylacetone in 50 ml of ethanol. The
solution was cooled down and 50 ml of ethanol
containing 3.1 ml of H2O were added slowly under
vigorous stirring resulting in a sol at pH 4.5. The
MFF were impregnated with the final solution, dried
at room temperature (14 h). The impregnation and
drying were repeated. The filters were calcined in
air at 450◦C for 2 h resulting in Al2O3 content of
5.0 wt.%.

The solution for the mesoporous SBA-15 film coat-
ing was prepared as described elsewhere[16,17]. An
ethanol solution of Pluronic 123 was mixed at room
temperature with a silica gel solution prepared from
TEOS, ethanol, water and HCl by stirring for 2 h at
70◦C. The molar ratio of the components in the final
solution was TEOS:Pluronic 123:H2O:HCl:ethanol=
1:0.016:4.4:0.04:11. After impregnation with this so-

Table 2
Catalysts based on the coated metal fibre filters (MFF)

Catalyst SSAcat

(m2/g)
SSAcoat

(m2/g)
Pore size
(nm)

dPd(Pt)

(nm)
Pda dispersion
(%)

T50%(C3H8)

(◦C)
T50%(CH4)

(◦C)

0.5% Pd/MFF 70.0 1.6 445 (deact.)
0.5% Pd/SiO2/MFF 17 350 <2 44.1 2.5 370 ∼500 (deact.)
0.5% Pd/Al2O3/MFF 12 240 <2 33.6 3.3 365 410 (deact.)
0.5% Pd/SBA-15/MFF 38 710 5.7 1.7 66.0 290 325
0.5% Pd/PG/MFF 16 350 <2 3.9 29.8 300 335
0.5% Pt/SBA-15/MFF 38 710 5.7 2.0 – 240 ∼500 (deact.)
6.8% Co3O4/MFF – – 235 435 (deact.)
1.4% Co3O4/SBA-15/MFF 24 440 3.9 – – 395 –

a Measured after methane combustion.

lution, the porous metal fibre filters were dried at room
temperature for 14 h, calcined in air at 500◦C for 3 h
resulting in SBA-15 content of 5.5 wt.%.

In the Vycor-type porous glass (PG) coating prepa-
ration, the precursors of the sodium borosilicate glass
components were deposited onto the MFF filtersvia
impregnation. Two solutions of the precursors were
used for this purpose: (a) a mixture of 10 ml of col-
loidal silica (40 wt.%) and 90 ml of H2O and (b) a solu-
tion of Na2B4O7·10H2O (12.3 g) and B(OH)3 (3.65 g)
in H2O(100 ml). The MMF were impregnated with the
first solution and dried at room temperature for 14 h
and subsequently at 100◦C for 2 h. The impregnation
and drying operations were repeated using the second
solution. The MMF were heated in air at 800◦C for
2 h to create glass (7 wt.% Na2O + 23 wt.% B2O3 +
70 wt.% SiO2) film on the metal fibre surface with a
content of 7.5 wt.%. The glass film was treated in HCl
(3 wt.% ) at 80◦C for 1 h, rinsed and dried in air at
room temperature.

The catalysts based on the coated metal fibre
supports were prepared by impregnation with Pd-
(CH3COO)2, Pt(NH3)4Cl2 and Co(NO3)2 aqueous
ammonia solutions of desired concentrations followed
by drying at room temperature and calcination in air
at 450◦C for 1 h. For the purpose of comparison some
catalysts were prepared by impregnation of non-coated
MFF with the Pd(CH3COO)2 and Co(NO3)2 aque-
ous ammonia solutions. The main parameters of all
synthesised catalysts are listed inTable 2.

2.3. Catalyst characterisation

The Pd and metal oxide loadings were measured
gravimetrically and by atomic absorption spectroscopy
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using a Shimadzu AA-6650 with an air–acetylene
flame.

The specific surface area (SSA) of the supports and
catalysts were measured using N2 adsorption–desorp-
tion at −196◦C by a Sorptomatic 1990 (Carlo Erba)
instrument. The catalysts were heated in vacuum at
250◦C for 2 h prior to the surface area measurements.
The SSA of the samples was calculated employing the
BET method while the Dollimore/Heal method was
applied for the calculation of pore volume and pore
size distribution (PSD).

The dispersion of Pd and Pt was determined by CO
pulse adsorption (3 vol.% CO in He) at 50◦C via a
Micromeritics 2910. The samples were pre-treated in a
flow of H2 at 300◦C during 1 h and subsequently in He
flow at 300◦C during 1 h. A Pd surface density of 1.2×
1019 atoms m−2 and a stoichiometry factor SFPd =
CO/Pd of 0.6 were used for the SSAPd calculations.

X-ray diffraction (XRD) spectra were performed on
a D500 Siemens powder diffractometer (Cu K�1) in
the angle range of 0.5–10◦ 2Θ with the steps of 0.02◦
and a step time of 8 s.

The surface morphology of the synthesised supports
and catalysts was investigatedvia scanning electronic
microscopy (JSM 6300F, JEOL).

2.4. Measurement of catalytic activity in total
oxidation of hydrocarbons

The catalytic activity measurements were carried
out in a stainless steel continuous flow fixed-bed re-
actor (Fig. 1). The structured catalytic bed was ar-
ranged as three filters (∼0.8 g), with the diameter equal
to the inner diameter of the reactor, placed into the
middle section of a big tube and fixed by two short
tubes of a smaller diameter. The reactor was sealed by
Teflon rings. Gas mixtures of C3H8 (0.5 vol.%) or CH4
(1 vol.%) and oxygen (10 vol.%) in argon was used
for the catalytic tests. The propane, methane, oxygen
and argon provided by Carbagas (Lausanne, Switzer-
land, >99.99%) were used as received without any fur-
ther purification. The flows of gases were controlled
by mass flow controllers. A gas flow of 100 ml min−1

(STP) was used throughout the study. During the cat-
alytic testing the reactor was heated up and afterwards
cooled down stepwise waiting for stabilisation (1 h)
at each step. The reaction temperature was monitored
by a thermocouple placed in contact with the catalytic

Fig. 1. Scheme of the reactor with a multilayered structured cat-
alytic bed for hydrocarbon total oxidation.

filters. Only CO2 and H2O were found as the prod-
ucts of the C3H8 and CH4 oxidation over the catalysts
used in this study. The outlet concentration of CO2
was continuously monitored by an infrared analyser
Ultramat 22P (Siemens). The temperature necessary
for the hydrocarbon conversion of 50% was used to
compare the catalyst activities.
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Fig. 2. SEM images of non-coated and coated sintered metal fibre filters (MFF): (a) initial MFF; (b, d) microporous SiO2 coated MFF;
(c) mesoporous SBA-15 coated MFF.

3. Results and discussion

3.1. Morphology of the catalysts

The SEM images of the non-coated and coated sin-
tered metal fibres are presented inFig. 2. As can be
seen, thin homogeneous crack-free oxide films were
formed on the metal fibre surface, and no peeling
of the oxide films was observed during calcination
(450–500◦C) and catalytic testing. The SEM investi-
gations demonstrated that coated filters retained their
open macrostructure. The thickness of the oxide films
was estimated in the range of 0.5–0.8�m.

Low-temperature N2 adsorption–desorption mea-
surements revealed that the SiO2, Al2O3, and porous
glass films were microporous with a pore dia-

meter less than 2 nm (Table 2) and possessed the
SSA of 250–350 m2/g. For the SBA-15/MFF, the
adsorption–desorption isotherms were of type IV
with a H1 hysteresis loop (Fig. 3) corresponding
to well-ordered mesoporous structures[18,19]. The
SBA-15 coating had a high specific surface area
of ∼710 m2/g (Table 2), a pore specific volume of
1.06 cm3/g and narrow pore size distribution with
an average pore diameter of∼5.7 nm (Fig. 3). It is
known that the supported SBA-15 films prepared by
different methods have a highly oriented hexagonal
structure with pore channels parallel to the support
surface[16,17]. The SBA-15 mesoporous silicas show
higher thermal stability compared to others mesopor-
ous materials like MCM-41, MSU, HMS, etc. at-
tributed to a large wall thickness (4–5 nm)[18]. The
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Fig. 3. N2 adsorption–desorption isotherms of the SBA-15/MFF support. Inset: pore size distribution.

SBA-15 showed to be a suitable support for combus-
tion catalysts[9].

Dispersion of Pd and Pt supported on the sintered
MFF was found to be dependent on the oxide coating
used (Table 2). The biggest Pd particles (d > 70 nm),
detected on the non-coated metal fibres, were due to
strong metal sintering during the catalyst preparation
and hydrocarbon combustion. The average diameter
of Pd particles on the microporous SiO2 and Al2O3
films prepared by sol–gel (solvent evaporation) tech-
nique was of 30–50 nm. It is likely that Pd particles are
mainly formed on the outer surface of the SiO2 and
Al2O3 films, not preventing metal sintering at elevated

temperatures. Besides, the collapse of oxide microp-
orous structures at temperatures of 400–550◦C may
lead to partial metal encapsulation resulting in a lower
apparent dispersion.

The average Pd particle size in the MFF catalyst
coated by mesoporous SBA-15 film measured af-
ter calcination and catalytic testing was found to be
∼1.7 nm and not to exceed the mesopore diameter
(∼5.7 nm). The same behaviour was observed for
Pt supported on the mesoporous SBA-15/MFF. Pt
nanoparticles (∼2 nm) were found to be stable against
agglomeration up to 500◦C. We have recently shown
[9] that Pd particles supported on SBA-15 are formed
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within mesopores and strongly attached to the pore
walls. The maximum particle size is controlled by the
pore diameter. The entrapped Pd nanoparticles are
resistant against sintering at elevated temperatures.

The structure of the porous glass coating differs
significantly from the silica gel porous structure. The
structure of porous glass resembles a rigid sponge
composed of almost pure SiO2, whereas the porous
structure of a silica gel is built of (SiO2)n·(H2O)m
globules [14]. As a result, the porous glass has a
higher mechanical and thermal resistance. It is stable
up to 600◦C [13]. The average diameter of Pd par-
ticles supported on the porous glass film was found
to be∼3.9 nm. This suggests that Pd particles are not
only on the glass outer surface, but mostly are intro-
duced inside the micropores. The walls of the porous
glass separate Pd particles from each other leading to
increased resistant against sintering and rendering cat-
alyst with high Pd dispersion.

The introduction of Co-oxide in the mesoporous
coating (1.4% Co3O4/SBA-15/MFF) seems to result
in Co3O4 nanoclusters encapsulated in the pore chan-
nels as also reported in[20,21]. This process was man-
ifested by the reduced SBA-15 specific pore volume
from 1.20 to 0.51 cm3/g and average pore size from
6.0 to 3.9 nm (Tables 1 and 2). The SEM investiga-
tions of the 6.8% Co3O4/MFF catalyst revealed that
on the non-coated metal fibre surface cobalt oxide was
deposited as big agglomerates (0.1–1.0�m).

3.2. Propane combustion

The temperature dependences of propane conver-
sion over different catalysts are shown inFig. 4. The
temperatures of 50% conversion used for the com-
parison of catalytic activities are listed inTable 2.
No catalyst deactivation in propane combustion was
observed up to 450◦C.

Among all studied catalysts, the 6.8% Co3O4/MFF
and 1.4% Co3O4/SBA-15/MFF had the highest and
lowest activity, respectively. As reported by different
authors[6,22–24], cobalt oxide based catalysts gen-
erally are very active in total hydrocarbon oxidation.
However, their activity depends on the cobalt oxida-
tion state under the reaction conditions. In particular,
catalytic performance of cobalt oxide is dependent on
the propane/oxygen ratio[6,22]. The pre-reduced cata-
lyst demonstrates higher activity and stability in a sto-

Fig. 4. Total oxidation of propane over MFF catalysts: (�) 0.5%
Pd/SBA-15/MFF; (�) 0.5% Pd/PG/MFF; (�) 0.5% Pd/Al2O3/
MFF; (�) 1.4% Co3O4/SBA-15/MFF; (�) 6.8% Co3O4/MFF;
( ) 0.5% Pt/SBA-15/MFF; (�) 0.5% Pd/SiO2/MFF.

ichiometric reactant mixture. In a mixture containing
excess of oxygen, a strong deactivation was observed.
The initial high catalytic activity could be recovered
by reductive treatment of the catalysts. This behaviour
was assigned to partial reduction of the Co oxide parti-
cles. Highly dispersed metallic Co species on the parti-
cle surface were responsible for the enhanced catalyst
activity [6,22]. Oxidation of partially reduced active
phase during propane combustion in excess of oxy-
gen leads to catalyst deactivation. Under steady-state
reaction conditions, the oxidation–reduction equilib-
rium on the surface of cobalt oxide particles con-
trols the amount of active metallic Co species and
hence the catalyst performance. It was found that
mesoporous silica matrix strongly affects the cobalt
oxide reduction: smaller particles in the narrow pores
(2–5 nm) are much more difficult to reduce by hydro-
gen to the metallic state than big ones situated in the
larger pores (>5 nm)[21]. So, in the case of the 1.4%
Co3O4/SBA-15/MFF catalyst containing cobalt oxide
mainly in the form of nanoclusters dispersed in the
silica mesopores (d ∼ 6 nm), the active phase is more
difficult to reduce under the reaction conditions re-
sulting in the low catalyst activity. On the contrary, in
the 6.8% Co3O4/MFF catalyst, the readily reducible
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big agglomerates of cobalt oxide (0.1–1.0�m) seem
to be responsible for the higher catalyst activity.

It is generally agreed that the oxidised palladium
or PdO “skin” formed over supported Pd particles
is active in hydrocarbon combustion[25]. Pd2+O2−
ion pairs at the PdO surface activate the C–H bonds
via heterolytic mechanism, similar to that proposed
on metal oxide catalysts[26,27]. Pd and PdO are
in dynamic equilibrium depending on different pa-
rameters such as temperature, metal dispersion and
the reaction mixture composition. If we compare
different Pd catalysts tested in the present study,
the 0.5% Pd/SBA-15/MFF and 0.5% Pd/PG/MFF
demonstrated the higher activity in total propane ox-
idation (Fig. 4). The 0.5% Pd/SiO2/MFF and 0.5%
Pd/Al2O3/MFF catalysts were found to be much
less active. Different metal dispersion (seeTable 2)
can account for this behaviour. Moreover, the mi-
croporous SiO2 and Al2O3 structures, prepared
through sol–gel technique, at elevated temperatures
may partially collapse resulting in metal nanoparti-
cles encapsulation and consequently lower catalytic
activity.

By contrast to Pd-based catalysts, it was proposed
that Pt activates the C–H bonds through a homolytic
mechanism via dissociative adsorption of hydrocar-
bon on surface metal sites. Oxygen species act as an
inhibitor for the reaction at full coverage[25,28]. As
we reported previously[3], the catalytic activity of Pt
(0.1–0.3 wt.%) supported on glass fibres modified by
different metal oxides (Al2O3, TiO2) in propane oxi-
dation is much higher at temperatures<350◦C than
the activity of analogous Pd catalysts. The reaction
kinetics over Pt/glass fibres drastically differs from
the kinetics over Pd catalysts. The propane conversion
over the former catalysts was observed to increase
slower with temperature, indicating lower apparent
activation energy. The observed reaction order over
Pt catalysts was found to be negative with respect
to O2 due to reaction inhibition by oxygen[3,28].
In the present study, the 0.5% Pt/SBA-15/MFF cat-
alyst revealed to be also more active than the 0.5%
Pd/SBA-15/MFF at temperatures<300◦C in spite
of the lower molar content of active metal (Fig. 4).
At higher temperatures, the reverse situation was ob-
served indicating different apparent activation energies
for the propane total oxidation over these two types of
catalysts.

Fig. 5. Total oxidation of methane over MFF catalysts: (�) 0.5%
Pd/SBA-15/MFF; (�) 0.5% Pd/PG/MFF; (�) 0.5% Pd/Al2O3/
MFF; (�) 0.5% Pd/MFF; (�) 6.8% Co3O4/MFF; ( ) 0.5%
Pt/SBA-15/MFF; (�) 0.5% Pd/SiO2/MFF. Deactivation is shown
only for the 6.8% Co3O4/MFF catalyst: solid line: temperature
increases; dotted line: temperature decreases.

3.3. Methane combustion

As compared to the propane combustion, the tem-
peratures of 50% methane conversion over studied
catalysts were found to be considerably higher. Deac-
tivation indicating metal sintering and/or collapse of
oxide coating structures was observed for some cat-
alysts (Table 2). The 0.5% Pd/MFF catalyst without
any coating presented the most pronounced deacti-
vation (Fig. 5). At the same time, it is worth to note
that this catalyst shows the higher activity as com-
pared to the 0.5% Pd/SiO2/MFF, which has higher
Pd dispersion. It clearly demonstrates the influence
of the support composition on the catalytic activity
of supported palladium, being in line with the data
reported[25] that the transition metal oxides signif-
icantly improve the Pd catalytic performance. The
0.5% Pd/SBA-15/MFF and 0.5% Pd/PG/MFF charac-
terised by the high metal dispersions (66.0 and 29.8%,
respectively) were the most active and stable in
methane combustion. Metal nanoparticles entrapped
in the confined space of SBA-15 and PG structures
are resistant against agglomeration[9]. At the same
time, the catalysts demonstrated almost the same tem-
perature of 50% methane conversion (Table 2). This
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result confirms that the presence of both PdO and
metallic Pd in the active phase defines the Pd catalyst
activity [25]. In the 0.5% Pd/SBA-15/MFF highly
dispersed palladium seems to be completely oxidised
under oxygen-rich reaction conditions. By contrast,
the 0.5% Pd/PG/MFF catalyst characterised by more
than two times lower metal dispersion contains a PdO
skin on a Pd metal core resulting in the higher activity
per a surface Pd atom.

In contrast to propane combustion, 0.5% Pt/SBA-
15/MFF catalysts were observed to be much less ac-
tive in methane total oxidation, being in agreement
with the results reported for Pt catalysts by different
authors[25,28]. It is likely that under conditions of
high temperatures and oxygen-rich atmosphere, the
Pt surface is blocked by oxygen species acting as
an inhibitor. The formation of PtO2 was reported
above 300◦C in the case of 100% dispersed Pt par-
ticles [29]. The high temperature transformation of
active metallic Co species to Co3O4 seems to be a
reason for the relatively low activity of the 6.8%
Co3O4/MFF in methane total oxidation (Table 2,
Fig. 5).

3.4. Structured multi-layered catalytic beds in
propane combustion

The catalytic elements made from sintered metal fi-
bre panels allow designing of structured catalytic beds
consisting of different active phases (gradient catalytic
bed). When catalytic combustion is carried out in an
adiabatic reactor, such gradient arrangement should
allow taking advantage of the catalytic layers with a
lower light-on temperature to ignite the reaction. The
following elements containing a catalyst more active at
higher temperatures should benefit from the heated re-
action mixture. To show fruitfulness of such approach
the C3H8 combustion was performed over a structured
multi-layered catalytic bed composed from the 0.5%
Pt/SBA-15/MFF and 0.5% Pd/SBA-15/MFF cata-
lysts. As described above, the 0.5% Pt/SBA-15/MFF
has a lowest start-up temperature, and the 0.5%
Pd/SBA-15/MFF catalyst is more active at higher
temperatures. The gradient catalytic bed was formed
from three catalytic filters of different chemical com-
positions. The ratio of Pt- and Pd-containing disks
was varied and they were assembled in different
orders.

Fig. 6. Total oxidation of propane over multi-layered gradient
catalytic beds: (�) 3 × (0.5% Pd/SBA-15/MFF); ( ) 3 × (0.5%
Pt/SBA-15/MFF); (�) 2 × (0.5% Pd/SBA-15/MFF) and 1×
(0.5% Pt/SBA-15/MFF); (�) 1 × (0.5% Pd/SBA-15/MFF) and 2
× (0.5% Pt/SBA-15/MFF); ( ) 1 × (0.5% Pt/SBA-15/MFF) and
2 × (0.5% Pd/SBA-15/MFF); (+) 2 × (0.5% Pt/SBA-15/MFF)
and 1× (0.5% Pd/SBA-15/MFF).

The results of the propane combustion over struc-
tured multi-layered catalytic beds are presented in
Fig. 6. The order of filters in respect to the gas
flow direction is noted in the catalyst designations.
At lower temperatures and lower propane conver-
sions, three 0.5% Pt/SBA-15/MFF filters are more
active than three 0.5% Pd/SBA-15/MFF filters. At
higher temperatures and higher conversions, the
reverse situation was observed. As could be ex-
pected, the multi-layered catalytic bed with the 0.5%
Pd/SBA-15/MFF filters placed upstream in respect to
the 0.5% Pt/SBA-15/MFF filters always demonstrated
lower overall conversion if compared to the uniform
0.5% Pd/SBA-15/MFF catalytic bed. During the pas-
sage of the gas mixture through the Pd containing
filters positioned first in the reactor, the adiabatic
heat released increases the temperature at which the
Pt containing filters could not provide high propane
conversion. At the contrary, the catalytic beds con-
taining the 0.5% Pd/SBA-15/MFF filters positioned
downstream in respect to the 0.5% Pt/SBA-15/MFF
filters showed higher overall conversion in the whole
temperature range. Moreover, in the vicinity of
300◦C these catalytic beds are more active than both
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non-gradient beds. This synergistic effect is due to
the different kinetics of propane combustion over Pd
and Pt catalysts. Therefore, the adiabatic heating of
the gas mixture during the passage through the Pt
catalytic filter positioned first provides the reaction
ignition and favours the performance of the 0.5%
Pd/SBA-15/MFF catalysts.

4. Conclusions

• Novel structured combustion catalysts based on
sintered metal fibre filters (MFF) were developed.
The materials have an increased SSA obtained
via coating of MFF by different crack-free porous
oxide films like SiO2, Al2O3, porous glass, and
mesoporous SBA-15 silica.

• Catalytically active phases (Pd, Pt, and Co3O4)
were deposited on the coated MFF supports and the
catalysts were tested during methane and propane
combustion. The most active for propane total ox-
idation was Co3O4 supported on MFF without any
coating (6.8% Co3O4/MFF). Pd supported on the
MFF coated by mesoporous SBA-15 film (0.5%
Pd/SBA-15/MFF) demonstrated the best perfor-
mance in methane total oxidation.

• The particle size and catalytic properties of noble
metals (Pd, Pt) supported on the MFF composites
were observed to depend on the oxide coating. The
catalysts with the mesoporous SBA-15 and porous
glass films have the highest dispersion of the noble
metals (1.7–3.9 nm) and are stable against agglom-
eration up to 500◦C. On the contrary, the Pd cat-
alysts based on MFF coated by microporous SiO2
and Al2O3 films prepared by sol–gel technique,
suffered from metal sintering and collapse of the
support microporous structure, which occurred at
high temperatures.

• The developed catalytic filters are suitable mate-
rials for assembling different multiple layers to
obtain structured catalytic beds with the composi-
tion/concentration gradient of active component in
the axial direction. The enhanced overall catalytic
performance was observed in adiabatic catalytic
reactor during propane combustion due to a syn-
ergy of the 0.5% Pd/SBA-15/MFF and the 0.5%
Pt/SBA-15/MFF catalytic layers assembled in the
appropriate order forming gradient catalytic bed.
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