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ABSTRACT 

In this study, a kinetic analysis under differential conditions was conducted on three different open cell foams (OCFs) materials—
FCA(FeCrAl)- OCF, SiC(silicon carbide)- OCF, and Alu(alumina)-OCF—w ashcoated with a PdO/Co3 O4 catalyst for lean methane 
combustion in both dry and wet environments (10 vol% H2 O). A comprehensive set of physicochemical characterizations, 
including CO chemisorption, FESEM, XRD, Raman spectroscopy, XPS, XRF, TPR, TPO, and TPD, was performed on the supported 
catalysts. All structures demonstrated comparable catalytic activity and excellent water stability over time. The activation energy 
was consistent across all catalytic systems, with values of approximately 117 kJ mol− 1 in dry conditions and 129 kJ mol− 1 in wet 
conditions. While all catalysts exhibited first-order kinetics with respect to methane, variations in water order were observed: –
0.9 for Alu-OCF, –0.7 for FCA-OCF and SiC-OCF. Additionally, the preexponential factors in wet conditions followed the order 
Alu- OCF > SiC- OCF > FCA- OCF, which corresponded with the order of turnover frequencies. Validation of the kinetic modeling 
results was performed against the experimental data. The hydrophobicity of the supports appeared to play a role in water inhibition, 
with SiC-OCF, the most hydrophobic of the materials tested, demonstrating superior catalytic activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Methane is receiving increased attention due to its consistent rise
of over 150% since 1750, coupled with its potent warming impact
[ 1 ]. Methane significantly contributes to the greenhouse effect,
responsible for approximately a quarter of global warming. Over
a 20 year period, methane has a GWP (Global Warming Potential)
of 86 times that of CO2 , and over a century, it is 28 times higher
[ 2 ]. Its abatement also drives the development of efficient tech-
nologies to break the strong C–H bonds, since it is a very stable
molecule. One of the main sources of methane emissions is the
transportation sector. In particular, natural gas, which is mainly
composed of methane, offers several advantages compared to
other conventional fuels, including cleaner emissions, efficient
This is an open access article under the terms of the Creative Commons Attribution License, which perm
cited. 
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fuel use, and abundance [ 3 ]. Natural gas engines can also operate
in lean conditions, minimizing the typical products of incomplete
combustion compared to stoichiometric conditions. However, 
unburnt methane released into the atmosphere in the exhaust
gases presents a significant challenge. Thus, efficient catalytic 
converters must be developed to avoid these fugitive emissions
[ 4 ]. Pd-based catalysts are considered the most active catalysts for
the total oxidation of methane. However, limited availability and
high cost of Pd led to an investigation into transition metal oxides
for its total or partial replacement [ 5, 6 ]. 

Additionally, real exhaust gas systems also contain sulfur and
water vapor in the stream, which can contribute to the deacti-
vation of the catalyst. While sulfur poisoning is typically not a
its use, distribution and reproduction in any medium, provided the original work is properly 
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concern in the exhaust of natural gas engines due to the low
sulfur content of natural gas, water is a significant catalytic
poison for methane combustion, especially because of its high
content ( > 10 vol%) [ 7, 8 ]. Water, originating from the combustion
process or forming during catalytic methane conversion, can
cause chemical and morphological changes in Pd catalysts during
CH4 oxidation. The deactivation process reduces the lifetime of
palladium-based catalysts, necessitating frequent maintenance
and substitution operations, thereby increasing overall system
costs. The inhibitory effect of water on Pd-based catalysts depends
on various factors, including water concentration, catalyst formu-
lation, time on stream history, and reaction temperature. Water
adsorption on Pd sites can disrupt the transfer of oxygen from the
support to Pd sites, limiting the availability of O-Pd site pairs and
impeding catalyst activity [ 9 ]. 

To address these challenges, supported Pd-based catalysts are
considered promising alternatives [ 10 ]. The metal-support inter-
action plays a crucial role in affecting the stability and dispersion
of Pd catalysts, as well as the rate of sintering. The properties of
oxide supports, such as acid strength and oxygen surface mobility,
influence Pd-support interactions, affecting Pd oxidation state,
dispersion, and hydroxyl accumulation. Supports with higher
oxygen surface mobility can decrease the inhibitory effect of H2 O
on PdO catalysts by enhancing the desorption rate of hydroxyl
groups during CH4 oxidation, resulting in increased resistance
to water inhibition [ 11, 12 ]. In particular, Pd-based catalysts
supported on cobalt spinel oxide have been reported to exhibit
a synergistic effect, enhancing both the activity and stability
of the catalyst. Cobalt oxide exhibits optimal oxygen binding
energy and redox properties that facilitate strong metal support
interactions and influence the Pd/PdO transformation process,
particularly under wet conditions [ 13, 14 ]. While cobalt oxide
does not prevent the formation of inactive Pd(OH)2 , its ability to
activate and supply oxygen species makes it a valuable support
for Pd-catalyzed methane combustion in wet environments [ 15,
16 ]. Cobalt oxide itself also exhibits catalytic activity in methane
combustion and may contribute up to 70% of the catalytic
activity to Pd, especially at lower temperatures and higher water
concentration [ 17 ]. 

During the last couple of years, monoliths have emerged as the
predominant and well-established catalytic support, particularly
in the treatment of automobile exhaust gases. Monolithic struc-
tures offer significant advantages, including a short diffusion path
in the catalyst layer, a high external surface area, rapid interfacial
mass transfer rates, and low-pressure drop in the monolith chan-
nels. These advantages contribute to lower investment costs and
increased productivity in manufacturing operations. However,
monolith supports also come with some drawbacks, such as
poor radial heat transfer coefficients due to the absence of radial
mixing, potential nonuniform fluid distribution, and limitations
in temperature control due to their essentially adiabatic nature
[ 18–20 ]. Open-cell foams (OCFs) have emerged as highly promis-
ing alternatives for catalytic support in process intensification,
leveraging their distinctive properties. The intricate geometry
of OCFs enhances local mixing and gas-to-solid transport by
interacting strongly with the flow field, leading to continuous
boundary layer formation and disruption, ultimately improving
transport properties. OCFs offer numerous benefits, including a
high specific surface area, low-pressure drops, excellent chemi-
2 of 15
cal resistance, high thermal stability, and mechanical strength.
Additionally, they enhance heat and mass transfer due to tortuous
flow paths through the porous matrix [ 21, 22 ]. These materials are
also attractive for thermal management applications, such as heat
exchangers, heat sinks, and heat pipe wicks [ 23–25 ]. Thermally
conductive foams and monoliths enhance radial heat transfer,
enabling operation under more extreme process conditions while 
mitigating the risk of catalyst deactivation due to overheating
and preventing reactor runaway. In contrast to conventional 
honeycomb monoliths, OCFs allow for radial dispersion of the
flow, promoting the uniform distribution of reactants across the
catalyst bed. This high effectiveness is beneficial for reactors
designed for high transfer coefficient conditions and high catalyst
effectiveness. OCFs can be described as irregular cellular materi-
als composed of interconnected solid struts, forming a continuous
three-dimensional network enclosing empty regions called cells 
[ 26, 27 ]. Due to these favorable structural properties, OCFs have
the potential to serve as enhanced catalyst carriers, replacing
randomly packed beds of pellets in tubular reactors. OCFs have
found applications in a range of reactions, including volatile
organic compounds oxidation, methanol and Fischer-Tropsch 
synthesis, catalytic wet peroxide oxidation, preferential oxidation 
of CO, partial oxidation of methanol, complete combustion of
methane, removal of soot from diesel exhaust, and endother-
mic processes like steam reforming [ 28–32 ]. Ceramic structures
are characterized by better adhesion between the catalyst and
the foam, high thermal resistance, and strength, while metal
structures exhibit greater thermal conductivity and resistance to 
mechanical shock. However, ceramics may crack with significant 
temperature changes, and metals may corrode or fuse at high
temperatures due to limited thermal stability [ 33, 34 ]. 

The flow and dispersion of catalysts within the foam cells can
affect the reaction kinetics. However, the study of the mechanism
has long been a challenging aspect in this field, resulting in the
limited scale-up of the catalytic process based on foam substrates.
While the geometrical characteristics and thermal conductivity 
of OCFs have been investigated to influence the performance of
reaction and transport phenomena, studies have shown that the
choice of support material can significantly impact the catalytic
reaction itself. The interaction between the support and the
active catalyst material can affect factors such as catalytic activity,
selectivity, and stability, demonstrating that the catalyst’s support
is not merely a passive component but plays an active role in the
overall reaction dynamics [ 35–38 ]. 

The influence of support materials on catalytic performance has
been extensively studied, highlighting the significant roles of both
the physical structure and chemical interactions between the 
support and the active phases. For instance, research has shown
that Co3 O4 -Cs deposited on Al2 O3 ceramic foam exhibited the 
highest specific rate constant for N2 O decomposition among vari-
ous supported samples. This superior performance was attributed 
to the enhanced dispersion of the active phase and its interaction
with the Al2 O3 support [ 39 ]. Similarly, studies have demonstrated
that cation diffusion from the catalytic layer to the metallic
monoliths, and vice versa, can alter the catalytic formulation,
thereby affecting CO oxidation properties. The extent and nature
of these modifications are dependent on the catalyst composi-
tion, the metallic substrate, and the reaction conditions [ 40 ].
Further investigations have revealed that metal foams can directly
ChemCatChem, 2026



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

influence the activity of the catalyst layer through the diffusive
penetration of metal atoms from the foam into the catalyst [ 41 ].
Specifically, the use of nickel foams has been shown to enhance
the crystallization of the active PdO phase during methane
combustion [ 42 ]. A comparative study of ceramic and metallic
monoliths for VOC abatement attributed differences in catalytic
activity primarily to variations in thermal conductivity, while
also acknowledging the potential for catalyst modification during
deposition or due to interactions with the structured substrate
[ 43 ]. Lastly, it has been observed that the synthesis of mordenite
is influenced not only by the morphological characteristics of the
support but also by chemical diffusion processes, which can alter
the theoretical formulation of the catalyst [ 44 ]. 

Concerning combustion in the presence of water vapor, several
studies have highlighted the superior stability and water tolerance
of SiC-supported catalysts in high-temperature and hydrother-
mal environments. For instance, experiments conducted on
Pd catalysts supported by SSZ-39 zeolites demonstrated that a
high Si content significantly enhances structural stability, with
hydrothermal aging at 1000◦C causing no noticeable degradation.
These catalysts showed minimal deactivation after 105 h on
stream at 750◦C in the presence of 2.7 vol% water [ 45 ]. Addi-
tionally, the development of Co/ β-SiC catalysts has proven their
superior water tolerance and stability under high water partial
pressures when compared to traditional Co/Al2 O3 catalysts,
owing to the chemical inertness and hydrothermal stability of
SiC [ 46 ]. The use of SiC as a support material also increases the
specific surface area, promoting better molecular diffusion and
transport, which further enhances resistance to water toxicity
and improves catalytic performance in humid environments
[ 47 ]. A Co@S1/SiC-40 h catalyst displayed exceptional stability,
with negligible deactivation observed during a 200 h longevity
test, underscoring its excellent moisture tolerance and prolonged
activity in water-containing reaction conditions [ 48 ]. 

Although specific studies comparing catalytic deactivation using
FeCrAl as a support are limited, there is evidence highlighting
its potential advantages in high-stress environments [ 49, 50 ]. Kim
et al. [ 51 ] stated that FeCrAl’s metal structure minimizes hot spots
and the superficial α-Al2 O3 layer not only protects the material
but also stabilizes active sites, reducing the rate of thermal deac-
tivation. However, challenges remain. For instance, one study
reported rapid deactivation of an Ir/Ce0.8 Zr0.2 O2 /FeCrAl catalyst
during the water-gas shift reaction due to poor coating adhesion
and subsequent loss of active components [ 52 ]. Additionally,
material degradation at high gas hourly space velocity has been
observed, leading to shifts in product composition and temper-
ature, with SiC monoliths proving more stable under similar
conditions [ 53 ]. Despite these issues, FeCrAl alloys demonstrate
excellent resistance to hydrothermal corrosion, particularly in
light water reactor environments, largely due to their chromium
content [ 54 ]. 

In this study, the reaction kinetics of methane combustion under
lean conditions were systematically investigated using different
foam substrates washcoated with a PdO/Co3 O4 catalyst. The
influence of the structural support was examined by comparing
the catalytic performance of foams composed of alumina, silicon
carbide, and FeCrAl alloy (denoted as Alu-OCF, SiC-OCF, and
FCA-OCF, respectively). The analysis was conducted under both
ChemCatChem, 2026
dry conditions and in the presence of 10 vol% water in the
feed to simulate wet conditions. Methane concentration was 
maintained at 1 vol%, with a fixed CH4 /O2 molar ratio of 8,
and a WHSV (weight hourly space velocity) of 30 NL h− 1 gcat − 1 .
Kinetic studies were performed under differential conditions 
following the hydrothermal aging (HTA) of the catalytic systems,
ensuring stable performance despite partial deactivation. The 
structured catalysts were characterized using CO chemisorption, 
X-ray diffraction (XRD), Raman spectroscopy, field-emission 
scanning electron microscopy (FESEM), and scanning electron 
microscopy (SEM), X-ray fluorescence (XRF), X-ray photoelec- 
tron spectroscopy (XPS), temperature programmed reduction in 
H2 (H2 -TPR), temperature programmed oxidation and desorption 
in O2 (O2 -TPO and O2 -TPD) techniques. The primary objective 
of this work was to elucidate the kinetic effects associated with
different support materials and to assess whether these materials
could enhance catalytic activity and stability during lean-burn 
methane combustion in wet environments. 

2 Materials and Methods 

2.1 Open Cell Foams and Chemicals 

Silicon carbide (SiC-OCF) and alumina (Alu-OCF) ceramic open- 
cell foams with a pore density of 45 ppi (Vukopor HT) were
purchased from Lanik s.r.o. (Czech Republic). The metallic open-
cell foam, made of FeCrAl alloy (FCA-OCF) with a pore density
of 40 ppi, was sourced from Metpore (U.S.A.). Each foam sample
measured 9 mm in diameter and 30 mm in length. According
to the information provided by the manufacturers, SiC-OCF is
constituted by 65% SiC, 20% SiO2 , and15% Al2 O3 ; Alu-OCF is
constituted by 85% Al2 O3 , 14% SiC, and 1% MgO; FCA-OCF is con-
stituted by 70% Fe, 21% Cr, 9% Al, and traces of Zr, Y, and Mn. The
chemicals used in this study were sourced from Sigma-Aldrich,
including cobalt(II) nitrate hexahydrate (Co(NO3 )2 ⋅6H2 O, ≥ 98% 

purity), palladium(II) nitrate hydrate (Pd(NO3 )2 ⋅xH2 O, ≥ 99% 

purity), glycine (NH2 CH2 COOH, ≥ 99% purity), isopropyl alco- 
hol (CH3 CHOHCH3 , ≥ 99.7% purity), and ethanol (CH3 CH2 OH, 
≥ 99.8% purity). The suspension preparation involved polyvinyl 
alcohol (PVA) (Mowiol 4-88) and an inorganic colloid (Al2 O3 ,
Nyacol AL20). Ultrapure water with a resistivity of approximately
18 M Ω⋅cm was generated using a Millipore Milli-Q system for all
aqueous solutions. Methane (9.93 vol% CH4 /N2 , Praxair, certified 
purity), dry air, and nitrogen gases (Praxair, certified purity) were
supplied in cylinders. 

2.2 Preparation of the Coated OCFs 

First of all, a 3 wt.% PdO/Co3 O4 catalyst was synthesized as a
powder through a two-step process involving solution combus- 
tion synthesis (SCS) followed by wetness impregnation (WI), 
according to our standardized procedure [ 55, 56 ]. Briefly, the
cobalt spinel precursor was first prepared by mixing cobalt nitrate
with glycine at a 25% of the stoichiometric ratio. This solution
was stirred at 120◦C and then transferred to an electric oven at
250◦C for 15 min to initiate the combustion reaction. The resulting
spinel was calcined in static air at 600◦C for 4 h. To incorporate
palladium, an aqueous solution of palladium nitrate was added
drop by drop to the cobalt spinel at approximately 140◦C. The
3 of 15



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

palladium-doped catalyst, with a metal loading of 3 wt.%, was
then calcined under the same conditions as the undoped spinel. 

Afterwards, structured catalysts were prepared. All foam struc-
tures were cleaned in a 50/50 (vol.%) water/acetone solution
using an ultrasonic bath at room temperature for at least 30 min,
followed by drying at 140◦C for 30-60 min. After cleaning, the
previously prepared catalyst was applied to the OCFs through
a washcoating technique [ 57, 58 ]. The coating suspension was
prepared by first grinding the calcined catalyst powder in a ball
mill at 169 rpm for 5 h. Separately, 2.08 g of PVA was dissolved
in 60 g of distilled water at 80◦C with constant stirring and then
allowed to cool to room temperature. The milled catalyst powder
and 2.27 g of NYACOL were sequentially added to the cooled
PVA solution, with continuous stirring. The pH of the suspension
was adjusted to 3 using nitric acid, and the mixture was stirred
continuously for 3 days. OCFs were individually immersed in
the suspension at a controlled speed of 3 cm min− 1 , held in the
solution for 1 min, and then withdrawn at the same speed. Excess
liquid was removed via centrifugation at 400 rpm for 4 min,
followed by drying at 80◦C for 30 min. This coating process was
repeated until 200 mg of catalyst was deposited on each foam.
Finally, the coated foams were calcined at 500◦C for 2 h with a
temperature ramp of 2◦C min− 1 . 

2.3 Catalytic Testing Toward Lean Methane 
Combustion 

The catalytic performance of each 3 wt% PdO/Co3 O4 catalyst
supported on various open-cell foams (OCFs) was assessed for
methane combustion under lean conditions, with a constant
O2 /CH4 molar ratio of 8 maintained throughout the experiments.
The catalytic tests were conducted in a tubular reactor comprising
an inner tube made of 316 stainless steel (3 /8 -inch diameter)
and an outer sleeve (7 /8 -inch diameter) designed to support
the reactor and ensure isothermal conditions (Figure S1 in the
Supporting Information). The reactor was situated within an
electric tube furnace equipped with a PID temperature controller.
ensuring precise thermal regulation. Feed gas flows, including
CH4 , dry air, N2 , and H2 O, were controlled using electronic
mass flow controllers (Brooks 5850 TR) and a syringe pump
(Harvard Apparatus Pump 11 Elite). The gases were mixed before
being introduced into the reactor. K-type thermocouples were
strategically positioned: two thermocouples within the inner tube
(upstream and downstream of the catalyst bed, respectively), and
a third one within the outer sleeve. The output gases passed
through a cold trap to condense and remove water vapor, and
the gas composition was analyzed using an online Agilent HP-
7890A gas chromatograph (GC) equipped with both thermal
conductivity (TCD) and flame ionization (FID) detectors. The
reaction and analysis procedure were described elsewhere [ 59 ]. 

For the wet runs, 10% vol. water was introduced into the reactor
using a peristaltic pump (Harvard Apparatus Pump 11 Elite).
The water was vaporized before entering the reactor by heating
the upstream tubing. HTA of the catalysts was conducted over
45 h to evaluate their stability, with the temperature varying
between 450 and 600◦C. Ignition-extinction (I-E) tests were
performed both before and after HTA under wet conditions,
across a temperature range of 200 to 600◦C. Data acquisition
4 of 15
and experimental monitoring were managed using LabVIEW 

software. The experiments were conducted with an inlet CH4 
concentration of 1 vol% and an O2 concentration of 8 vol% in
N2 . 

For kinetic studies, a differential packed-bed reactor was 
employed, ensuring conversions below 15%. Each OCF was 
halved to a length of 1.5 cm. Ignition curves were measured at
varying initial methane concentrations (0.3%, 0.5%, 0.8%, and 
1%) while maintaining a constant WHSV of 30 NmL h− 1 gcat − 1 .
Additional measurements were taken at altered flow rates at
WHSV 60 and 15 NmL h− 1 gcat − 1 for comparison, in both dry and
wet conditions. Furthermore, ignition tests were conducted at 
different water concentrations (3%, 5%, 8%, and 10%) while main-
taining constant methane concentration and flow rate constant (1
vol% CH4 and 30 WHSV). 

All measurements were repeated at least 3 times to keep the
standard deviation below 3%. 

2.4 Characterization of the Structured Catalysts 

CO chemisorption for measuring Pd dispersion in the structured
catalyst was carried out using a Micromeritics AutoChem 2950
HP instrument after an in situ reduction pretreatment to ensure
that Pd was present predominantly in its metallic state. Each OCF
was packed into a stainless steel U-tube with quartz wool. The
Pd-supported catalysts were subjected to a reduction in a flow
of 5% H2 /He (20 NmL min− 1 ) at 150◦C for 1 h, with a ramping
rate of 10◦C min− 1 . The sample was then purged with helium
(20 NmL min− 1 ) for 30 min at 150◦C and cooled to ambient
temperature under helium. A dynamic CO pulse chemisorption
analysis was performed by dosing a 3% CO/He gas mixture at
room temperature. The flow rates for the 3% CO/He loop gas and
helium carrier gas were set at 25 and 50 NmL min− 1 , respectively.
Following the CO chemisorption measurements, the Pd-based 
catalysts were re-oxidized in situ in a 10% O2 /He flow (20 NmL
min− 1 ) at 550◦C for 1 h, with a ramping rate of 10◦C min− 1 . This
was followed by naturally cooling the catalysts down to room
temperature under a 10% O2 /He flow. The amount of adsorbed
CO was taken as a direct measure of the number of exposed
Pd surface atoms. Metal dispersion was calculated assuming
a CO-to-surface Pd stoichiometric ratio of 1. The dispersion
values derived from CO chemisorption were subsequently used to
calculate and plot the apparent turnover frequency (TOF) under
the corresponding reaction conditions, using the expressions 
reported in the Supporting Information . The measurements were
performed on fresh samples, and used after the tests. 

OCF structures were subjected to XRD analysis using CuK
radiation, utilizing an X’pert Pro Philips diffractometer. Data were
recorded in the 2 θ range of 5–90◦ with a step size of 0.02◦. The
crystallite size was calculated using the Scherrer equation. 

The Raman spectra of OCFs were recorded at room temperature
employing a Renishaw InVia spectrometer, equipped with a Leica
DMLM confocal microscope and a CCD detector. The excitation
wavelength used was 785 nm. The collected Raman scattered light
spanned the spectral range of 100–1400 cm− 1 . To ensure an ample
signal-to-noise ratio, a minimum of five scans were accumulated.
ChemCatChem, 2026



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The investigation of the morphology of the catalytic layer
on all OCFs was conducted via FESEM (FESEM JEOL-JSM-
6700F instrument) and SEM (TM3030Plus TESCAN VEGA3)
microscopes. 

The elemental composition of cobalt, nickel, palladium, and the
OCF substrates was confirmed using XRF analysis, conducted on
a Thermo Scientific ARL QUANT’X spectrometer. X-rays were
generated with a rhodium (Rh) anode, spanning an energy range
of 4–50 kV in 1 kV increments. The XRF detection was carried
out using a 3.5 mm silicon (Si) drifted crystal detector, which
was Peltier-cooled to approximately 185 K. Quantitative elemental
analyses were performed using UniQuant software. 

XPS analysis was performed using a Prevac photoelectron spec-
trometer equipped with a VG SCIENTA R3000 hemispherical
analyzer. The measurements utilized a monochromatized AlK α
radiation source ( E = 1486.6 eV) and an electron flood gun
(FS40A-PS) to neutralize any residual surface charge. The
background pressure in the analysis chamber was consistently
maintained at 5 × 10− 9 mbar during data acquisition. Prior to
recording the spectra, the samples were outgassed at around 50◦C
for at least 15 min. Spectra were collected with a pass energy
of 100 eV for both survey and narrow scans. Binding energies
were calibrated using the C 1s peak at 285 eV, corresponding to
adventitious carbon. The surface composition of the samples was
analyzed by examining the Co 2p, Pd 3d, O 1s, Al 2p, and Si 2p
photoelectron peaks. 

Coated OCFs were analyzed via H2 -TPR with a Micromeritics
AutoChem 2950 HP instrument, equipped with a thermal con-
ductivity detector (TCD). Before TPR experiments, the samples
were subjected to an oxidation treatment in a 10% O2 /He gas
mixture (20 NmL min− 1 ), where the temperature was ramped
from 120◦C to 400◦C and maintained at 400◦C for 1 h. Following
this oxidation step, the samples were cooled to 120◦C under a
helium atmosphere. The H2 -TPR analysis was then conducted by
heating the samples in a 5% H2 /He gas mixture (20 NmL min− 1 )
up to 700◦C. After the H2 -TPR process, the samples were flushed
with He (20 NmL min− 1 ) for 30 min at 700◦C and subsequently
cooled down to 120◦C. To determine the reduction energy ( Ered ),
H2 -TPR experiments were performed at six different heating rates
( β = 2.5, 5, 7.5, 10, 12.5, and 15◦C min− 1 ) for each oxide support.
Between each heating rate, the oxide supports were purged with
He and reoxidized in a 10% O2 /He atmosphere (20 NmL min− 1 )
with the temperature increased from 120◦C to 400◦C and held at
400◦C for 1 h. H2 -TPR analysis provided only qualitative results
of the samples. 

The same equipment was used to evaluate the oxidation tem-
perature with the O2 -TPO analysis. The samples were exposed
to 10% O2 /He (20 NmL min− 1 ) from 120◦C to 400◦C at a rate of
10◦C min− 1 and held at 400◦C for 1 h. Afterwards, the oxidized
samples were cooled to 120◦C in He. The amount of O2 consumed
during the experiment was used to estimate PdO content after
oxidation. 

The samples were analyzed by O2 -TPD in a quartz flow reactor
with sintered glass. Before treatment, each sample was heated in
an oxygen flow to 600◦C and cooled with helium to 120◦C. O2 -TPD
involved feeding helium from 120◦C to 700◦C at a heating rate
ChemCatChem, 2026
of 10◦C min− 1 . The signal was recorded using a Hiden Analytical
QMS detector. 

2.5 Reactor Modelling and Optimization 

The experimental data were processed using MATLAB to deter-
mine the reaction order and calculate activation energies based
on the power law model. The kinetic analysis was performed at
differential conditions. The design equations for the packed—bed 
reactor applied to the system are explained and reported in the
Supporting Information . The same for the Arrhenius expression
used to determine the activation energy and pre-exponential 
factor. 

To ensure the measurement of intrinsic kinetics, it was essential
to operate within a reaction regime devoid of mass transfer
limitations. This was verified using the Carberry number (Ca) to
assess external mass transfer, and the Weisz-Prater criterion (WP)
for internal mass transfer limitations [ 60, 61 ]. Instead, Mears
(X) and Anderson ( ψ) criteria were used to evaluate external
and internal heat transfer limitations respectively [ 62, 63 ] (see
Supporting Information ). 

3 Results and Discussion 

3.1 Physicochemical Analysis 

Table 1 presents the CO chemisorption data for the thermally
treated PdO/Co3 O4 -coated OCFs, before starting the catalytic 
tests. Considering the in situ reduction pretreatment to ensure
that Pd was present predominantly in its metallic state, we
considered CO uptake dominated by adsorption on metallic Pd
sites. While contributions from oxidic species such as Co3 O4 
cannot be completely excluded, these interactions are expected to
be weak and reversible and therefore negligible for the purpose
of dispersion calculations [ 64 ]. Furthermore, all OCF substrates
appear entirely covered by the Pd/Co3 O4 coating, even if some
cracks are visible from FESEM images (Figure 2 ). Therefore, the
coating should minimize any direct interaction between the foam
support and CO. This fact, together with the very low specific
surface area of the supports themselves allows considering neg-
ligible any contribution from the support. Measurements carried 
out on Pd/Co3 O4 powder catalyst exhibited a Pd crystallite size
of 3.3 nm with a metal dispersion of 33.2%. However, when this
catalyst was deposited onto the OCF structures, the crystallite size
significantly increased, resulting in a marked decrease in metal
dispersion compared to the pure powder form. This increase
in crystallite size is attributed to sintering processes during
prior calcination. Additionally, the washcoating process may 
have been uneven, leading to a dilution effect and irregular
catalyst distribution across the supports. Notably, the metallic 
OCFs displayed the smallest crystallite size and highest metal
dispersion among all the structures tested. 

Figure 1A displays the XRD patterns for all coated OCFs.
Although the patterns include peaks from the OCF material’s
structural components, which make the analysis more complex, 
distinct peaks corresponding to cobalt oxide and, in most cases,
PdO are observed. Table 1 also presents the Co3 O4 crystallite
5 of 15



TABLE 1 Chemisorption and XRD characterizations over OCFs coated catalysts. 

Catalyst 
–OCF(PdO/Co3 O4 ) 

PdO dispersiona 
(%) 

PdO surface areaa 
(m2 g− 1 metal) 

PdO crystal sizea 
(nm) 

Co3 O4 crystal sizeb 
(nm) 

Alu–OCF 2.1 9 46 45 
SiC–OCF 4.6 20 21 24 
FCA–OCF 7.9 34 12 23 

a From CO chemisorption. 
b From XRD. 

FIGURE 1 XRD patterns (A) and Raman spectra (B) of PdO/Co3 O4 coated OCFs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sizes derived from these structures, showing similar values for
the SiC-OCF and FCA-OCF, while the Alu-OCF exhibits a larger
crystallite size for the spinel cobalt oxide. Raman spectroscopy is
more sensitive for detecting phase impurities compared to x-ray
diffraction. It was thus employed to study the phase composition
of the investigated materials. The analysis identified five active
Raman modes characteristic of the spinel structure at 196, 482,
522, 619, and 691 cm− 1 , confirming the presence of nanocrystalline
Co3 O4 . These modes correspond to the Eg, 3x F2g, and A1g vibra-
tional modes of crystalline Co3 O4 , respectively (Figure 1B ). The
high-frequency A1g peak is primarily associated with vibrations
of octahedral cations in the normal spinel, while the F2g and
Eg modes involve both tetrahedral and octahedral site vibrations.
A slight shift observed in the SiC support suggests potential
interactions between the phases. Furthermore, the presence of
carbon might influence the catalyst structure, as indicated by the
absence of the Eg and A2g modes of cobalt oxide. Due to the
low concentration of PdO, its characteristic vibrational band at
640 cm− 1 was not detected. 

Figure 2 shows the morphological characteristics of the OCFs,
displaying FESEM and SEM images of both bare and coated
structures. These images reveal a uniformly coated surface, with
a thin catalyst layer evenly covering the entire geometric area of
the OCF. Notably, the characteristic shape of Co3 O4 spinel crystals
is visible, forming clusters of truncated octahedra. The catalytic
layer appears uniformly distributed and securely adhered across
all structures, with no evidence of superficial debris, even if some
cracks in the coating are visible here and there. 
6 of 15
The XRF analysis of the Co3 O4 phase reveals variations in
phase composition and loading across the samples, as detailed
in Table 2 . This elemental analysis provides both qualitative and
quantitative insights into the sample compositions. In ceramic- 
coated OCFs, a consistent and uniform distribution of cobalt
spinel oxide is observed, though slight variations in PdO levels
suggest potential imperfections in the washcoating process and 
the inherent uncertainties of the standardless XRF method. In
contrast, metallic-coated OCFs exhibit lower relative quantities, 
which could be linked to the lower stability of the washcoat over
metallic OCFs, as they experience thermal expansion, making it
more difficult for the washcoat to adhere to the support. 

The surface chemical composition and oxidation states of the
catalysts were investigated by XPS, and Table 3 summarizes
the results. A consistent oxygen content was observed across
all samples. Noteworthy, the metallic-OCF sample exhibited a 
high concentration of cobalt but a significantly lower palladium
content compared to the rest, suggesting irregularities in the
washcoating process, likely due to adhesion issues. Instead, 
ceramic OCFs exhibit a uniform distribution of Co and Pd, as
indicated by their consistent surface composition. Additionally, 
the analysis reveals the presence of elements inherent to the OCF
material itself, in agreement with XRD analysis. 

The H2 -TPR profiles for the coated OCFs, displayed in Figure 3A ,
were obtained at a heating rate of 10◦C min− 1 . The reduction
process is marked by two distinct peaks: the first, occurring
between 120 and 230◦C, corresponds to the reduction of Co+ 3 to
ChemCatChem, 2026



FIGURE 2 FESEM and SEM images of all bare and coated OCFs. 

TABLE 2 XRF data analysis of PdO/Co3 O4 on all coated OCFs. 

Catalyst 
–OCF(PdO/Co3 O4 ) Compound m/m % Std.Err. El. m/m % Std.Err. 

Alu-OCF Al2 O3 59.0 1.0 Al 31.3 0.5 
Co3 O4 25.3 0.3 Co 18.4 0.2 
SiO2 10.2 0.65 Si 4.7 0.3 
PdO 3.07 0.1 Pd 2.6 0.1 
ZrO2 1.78 0.1 Zr 1.3 0.1 

SiC-OCF SiC 62.8 0.5 Si 33.4 0.2 
Co3 O4 25.3 0.2 Co 14.1 0.1 
Al2 O3 8.5 0.6 Al 3.4 0.3 
PdO 2.4 0.1 Pd 1.6 0.1 
ZrO2 1.0 0.1 Zr 0.6 0.1 

FCA-OCF Fe2 O3 43.8 0.3 Fe 30.4 0.2 
Al2 O3 26.3 0.5 Al 13.8 0.3 
Cr2 O3 16.8 0.3 Cr 11.4 0.2 
Co3 O4 12.0 0.2 Co 8.7 0.1 
MnO 0.8 0.2 Mn 0.6 0.1 
PdO 0.4 0.1 Pd 0.3 0.1 

ChemCatChem, 2026 7 of 15



FIGURE 3 (A) H2 -TPR (measured at 10◦C min− 1 ), (B) O2 -TPO, and (C) O2 -TPD comparison of all coated OCFs. 

TABLE 3 XPS data analysis for all coated OCFs. 

Catalyst 
–OCF(PdO/Co3 O4 ) Alu–OCF SiC–OCF FCA–OCF 

Co 2p 6.2% 5.4% 15.3% 

O 1s 64.1% 60.4% 61.0% 

Pd 3d 2.2% 2.4% 0.7% 

Al 2p 27.6% 14.4% 23.0% 

Si 2p — 16.0% —
Pd/Co 0.35 0.44 0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Co+ 2 , and the second, appearing at temperatures above 500◦C,
corresponds to the reduction of Co+ 2 to CoO. The relative hydro-
gen consumption across the PdO/Co3 O4 coated OCFs remains
consistent, despite the known influence of particle size on
reduction temperatures, where smaller particles typically reduce
at lower temperatures [ 65, 66 ]. It is worth noting that oxide species
originating from the FCA-OCF may promote the formation or
stabilization of smaller PdO crystallites. As stated earlier, in the
foams examined, the coating appears with few cracks, that could
facilitate accessibility of the gas phase to the inner substrate.
This effect could facilitate earlier redox activation of surface
oxygen species, thanks to FeCr species, and may be reflected in
the lower ignition temperatures observed in the corresponding
light-off curves of FCA-OCF. This phenomenon, instead, is not
visible in the other two foams, since neither SiO2 nor Al2 O3 
contributes to the reduction peaks. Additionally, no hydrogen
uptake was observed above 700◦C, indicating the absence of other
reducible phases in the samples. The characteristic peak for Pd
oxide reduction was inconsistently observed, likely due to the
low Pd content and high Co3 O4 /Pd ratio, resulting in minimal
hydrogen consumption by Pd oxide relative to other metal oxides.
Notably, the highest reduction was recorded for the PdO/Co3 O4 -
coated Alu-OCF and SiC-OCF, suggesting greater availability of
active oxygen on their surfaces. 

While the support may influence catalyst reduction, the activa-
tion energy for Co3 O4 reduction was determined from the slope
of ln ( β/Tmax ) versus T− 1 , providing results 43 kJ mol− 1 for Alu- and
FCA-OCF, and 44 kJ mol− 1 for SiC-OCF. These results show no
significant impact from the OCFs, as reduction energies remained
similar across all structures. This analysis was based on a series
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of H2 -TPR measurements at varying heating rates ( β = 5, 7.5,
10, 12.5, 15◦C min− 1 ) followed by determining the corresponding
temperature peaks. 

Following a pre-reduction treatment, an O2 -TPO analysis was 
performed to assess the reoxidation capacity of the catalysts
after complete reduction. The resulting profiles, illustrated in 
Figure 3B , revealed a prominent oxidation peak at 400-430◦C
and a smaller peak at 300◦C–330◦C. The intensity of the main
oxidation peak increased with higher surface Co content across
all coated OCFs, suggesting a greater propensity for oxidation
with increased cobalt loading. The oxidation process commenced 
between 200◦C–250◦C and concluded around 600◦C in all cases.
Notably, the Pd/Co3 O4 SiC-OCF exhibited a slightly earlier end 
to the oxidation process, indicating a faster reoxidation. This
observation suggests that the support material has minimal 
impact on the oxidation process. 

To explore the desorption behavior of different oxygen species
from the coated OCFs and to evaluate the impact of gas-phase
oxygen, O2 -TPD profiles were performed (Figure 3C ). The typical
desorption sequence for oxygen species is O2 (ad) → O2 

− (ad) →
O− (ad) → O2 − (latt ) [ 67, 68 ]. In the absence of reducing gases,
desorption in He occurs above 600◦C and is attributed to bulk
lattice oxygen (Olatt ). The desorption peak temperatures for Olatt 
in all samples were notably lower than the reported value for pure
Co3 O4 (884◦C) [ 69 ], suggesting that the inclusion of Pd enhances
the mobility of Olatt . Lower desorption temperatures and higher
quantities of desorbed lattice oxygen indicate improved lattice 
oxygen activity, facilitating its rapid removal and replenishment
in line with the Mars-van Krevelen (M-v-K) mechanism. Notably,
the FCA-OCF and SiC-OCF catalysts demonstrated superior 
lattice oxygen mobility and efficiency in breaking C ─H bonds.
Signals with magnitudes below 0.1 were considered instrumental
noise and excluded from the analysis. 

3.2 Catalytic Performance in Dry and Wet 
Environments 

The study focused on the effects of water inhibition on thermally
aged coated OCFs under steady-state conditions, using 1 vol.%
CH4 at a WHSV of 30 NmL h− 1 gcat − 1 . The structured catalysts
were subjected to ignition and extinction tests by introducing
ChemCatChem, 2026



FIGURE 4 Comparison of dry (A) and wet (B) conversions over PdO/Co3 O4 -coated OCFs. 

FIGURE 5 Ignition (A) and Extinction (B) T10 , T50 , and T90 over PdO/Co3 O4 -coated OCFs in dry and wet conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6 Arrhenius plots computed with MATLAB for all the 
coated OCFs in dry and 10 vol% H2 O environment at WHSV of 30 and inlet 
CH4 concentration of 1 wt%. Kinetic data computed only for conversion 
values below 15%. 

 

 

 

 

 

 

10 vol.% H2 O into the inlet feed, setting a temperature range of
200◦C–600◦C. Water-induced deactivation was observed, produc-
ing a decline in conversions compared to those in dry conditions.
Figure 4 presents a comparative analysis of ignition and extinc-
tion curves under both dry and wet conditions. In dry conditions,
a slight hysteresis between the curves at elevated temperatures
is noted in certain cases. However, under wet conditions, the
hysteresis is either significantly reduced or entirely absent in most
samples, suggesting that the presence of water alters the chemical
environment on the catalyst surface. A comparison across all
structures reveals a noticeable decline in the performance of both
ceramic and metallic OCFs when water is introduced. This phe-
nomenon is clearly demonstrated by analyzing the T10 , T50 , and
T90 values from the ignition and extinction curves (Figure 5 ). The
data reveal a striking similarity across all structures, particularly
under wet conditions, suggesting no substantial performance
differences between the various OCFs. 

Figure 6 illustrates the Arrhenius plots for the catalytic structures
evaluated over a temperature range of 200◦C–600◦C in both dry
and wet conditions. The nearly parallel slopes, characterized by
( − Ea / Rg ), suggest similar apparent activation energies across the
different systems. The influence of water is visible, as the curves
shift to higher temperatures and significantly lower reaction
constants. At higher temperatures, the reaction rate increases,
reducing resistance and amplifying the significance of diffusional
effects. This is evidenced by changes in the slope ( − Eapp / Rg ) of
the Arrhenius plots with varying temperatures. At intermediate
temperatures, the slope decreases to approximately half of the
value observed in the kinetic regime ( Ea ≈ Eapp /2), indicating
the growing impact of internal diffusion limitations. At very high
temperatures, the slope approaches zero, signifying that external
diffusion effects dominate ( Ea ≈ 0), further highlighting the
transition from kinetic to transport-limited regimes. 
ChemCatChem, 2026
3.3 Hydrothermal Stability 

Continued water exposure is recognized as a key factor in the
irreversible deactivation of catalysts. It is associated with the pres-
ence of inactive Pd(OH)2 as a primary cause, which suppresses
oxygen exchange between the support and Pd active sites, leading
to diminished catalyst activity [ 70 ]. This deactivation mechanism
predominantly operates below 450◦C, whereas at temperatures 
above 500◦C, water-assisted sintering of Pd catalysts becomes 
significant. In lean-burn CH4 oxidation, oxygen molecules disso- 
ciate on Pd–* sites and exchange with oxygen from the support,
9 of 15



FIGURE 7 Hydrothermal aging during 45 h with 10 vol.% H2 O of 
different PdO/Co3 O4 coated OCFs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

enabling the re-oxidation of Pd during the reaction. However,
hydroxyl groups, which tend to migrate to the oxide support
rather than desorb, disrupt this oxygen exchange by increasing
OH coverage as water dissociates. This leads to a reduction in
active PdO sites over time, thereby decreasing CH4 conversion
[ 12 ]. The oxygen concentration in the reaction environment thus
plays a critical role in maintaining catalytic performance. To
counteract deactivation caused by water, especially below 450◦C,
it is essential to use a catalytic support with high oxygen surface
mobility [ 71 ]. It has been demonstrated that the choice of support
material, along with its inherent oxygen mobility, plays a crucial
role in slowing down catalyst deactivation and significantly
enhancing resistance to water-induced deactivation. 

In this study, the stability of coated SiC, Alu, and FCA structures
was evaluated through hydrothermal aging (HTA), exposing
them to a CH4 /O2 /N2 feed containing 1 vol% CH4 and 10 vol%
H2 O at 30 NmL h− 1 gcat − 1 WHSV for 45 h, with temperature
cycling between 450◦C and 600◦C (Figure 7 ). This experiment was
designed to test the hydrothermal resistance of the OCFs at both
high and intermediate temperatures. The results indicated that
all structures maintained good stability overall. The sustained
catalytic activity at elevated temperatures is likely due to the
strong resistance of the OCFs to sintering. However, a more
noticeable decline in methane conversion was observed at the
lower temperature of 450◦C (Table S1 ). The coated Alu-OCF
exhibited the lowest stability, showing the most significant reduc-
tion in conversion throughout the measurement period. While
both SiC-OCF and FCA-OCF displayed a highly stable behavior. 

The focus of our investigation centres on catalytic systems on
Pd over cobalt oxide catalysts, deposited on various material
supports. Although those supports have essentially structural
functions, they cannot be discarded as having potential inter-
actions with the catalysts themselves. These interactions may
impact not only heat and mass transfer issues but also the
susceptibility to water poisoning. Alumina is characterized by
low thermal stability, exacerbating degradation processes, par-
ticularly under the influence of water, due to the lower oxygen
mobility compared to the other supports [ 12, 72 ], even if in
the examined temperature range it should be stable. Previous
studies on Pd/OAl2 O3 also revealed a strong enthalpy of H2 O
10 of 15
adsorption, suggesting that the diminished activity of PdO/Al2 O3 
in the presence of H2 O results from a high coverage of active
sites by H2 O [ 9, 10, 73 ]. The accumulation of hydroxyl groups
on the support impedes oxygen migration and exchange, thereby
affecting CH4 oxidation. Consequently, the strong adsorption of 
H2 O aligns with high hydroxyl accumulation on the catalyst
surface, inhibiting O exchange. 

3.4 Kinetic Study of the Coated OCFs 

Kinetic studies were performed after the catalysts were deacti-
vated by HTA. To minimize the influence of ongoing deactivation,
multiple repetitive experiments were conducted to ensure con- 
sistency. Apparent activation energies were determined at 10% 

conversion using a differential packed-bed reactor concept. Non- 
linear optimization and numerical analysis were performed using
MATLAB code. Ignition curves were generated from reproducible 
runs with varying initial CH4 concentrations (1%, 0.8%, 0.5%, and
0.3%) in both dry and wet conditions, allowing for the assessment
of methane reaction order under these different environments.
Additionally, varying initial H2 O concentrations (8%, 5%, and 3%)
were tested to evaluate the impact of water on each OCF. Across
all experiments, fractional conversion remained independent of 
CH4 concentration, indicating a first-order dependency on CH4 . 
Parity plots (Figure 8 ) compared experimental and predicted con-
versions, incorporating ± 15% error lines to validate the obtained
results. The absence of external and internal mass transfer
was confirmed using Carberry and Weisz-Prater numbers, while 
Mears and Anderson criteria were applied to ensure the absence
of external and internal heat transfer limitations. The analysis
of reaction rates and activation energies from the modeling
confirmed that there were no significant transport limitations,
being all the computed Ca, WP, Mears and Anderson values well
below the limits (Table S2 ). 

4 Discussion 

Throughout the study of catalytic methane combustion, SiC-, 
Alu-, and FCA-OCFs were examined. However, to the best of
our knowledge, the kinetic study on catalytic foams is limited
to SiC foam, which has shown stable catalytic performance
with no significant structural changes detected [ 74 ]. In this
work, methane combustion follows a first-order reaction across
all cases, while the reaction order concerning water varies,
highlighting the role of the support in influencing the reaction.
Specifically, the water order is –0.9 for Alu-OCF, –0.7 for SiC-
OCF and FCA- OCF (Table 4 ). Despite these differences, the
activation energy remains consistent for all three supports under
both dry and wet conditions, measuring 117 kJ mol− 1 in dry
and 129 kJ mol− 1 in wet environments. Although the activation
energy is similar across the studied materials, the pre-exponential
factor ( k0 ) shows significant variation, reflecting the differences
in active site concentration due to different interactions between
the active phase and the support [ 72 ]. Under dry conditions,
the pre-exponential factor follows the order SiC > Alu > FCA,
while under wet conditions, the order shifts to Alu > SiC > FCA,
with a marked decrease in values, particularly for FCA-OCF,
suggesting potential active site blockage under wet conditions. 
The variation in water order indicates that the Alu-OCF structure
ChemCatChem, 2026



FIGURE 8 Parity plot comparing experimental and predicted dry (left) and wet (right) conversions in different PdO/Co3 O4 coated OCFs for data 
validation with ± 15% error lines (A) Al-OCF (B) FeCrAl-OCF (C) SiC-OCF. 

TABLE 4 Calculated kinetic parameters of different PdO/Co3 O4 
coated OCFs. 

Catalyst 
OCF(PdO/Co3 O4 ) 

Water 
order 

Ea 
kJ mol− 1 

k0 
m3 kg− 1 s− 1 

Alu-OCF Dry — 117.2 24,046 
Wet − 0.9 129.7 19,487 

SiC-OCF Dry — 117.2 26,894 
Wet —0.7 128.7 10,842 

FCA-OCF Dry — 117.2 21,244 
Wet − 0.7 128.4 3,863 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

is more sensitive to the presence of water than SiC-OCF and FCA-
OCF. Additionally, the hydrophobicity of the support appears to
ChemCatChem, 2026
influence the degree of water inhibition, with SiC-OCF being the
most hydrophobic of the structures analyzed [ 71 ]. 

The PdO dispersion data from CO chemisorption, measured 
again at the end of catalytic tests (Table 5 ), were employed to
calculate TOF values by normalizing the reaction rate by the
estimated number of superficial metallic atoms. The observed dif-
ferences in metal dispersion among the various OCF-supported 
catalysts arise from a combination of metal–support interactions
and preparation history. In particular, the washcoating process
may lead to nonuniform catalyst layers with different effective
thicknesses and local Pd concentrations depending on the OCF
type. In addition, the foam material (metallic or ceramic, with
different values of thermal conductivities) can influence the 
thermal stability of the catalyst during calcination, resulting
in different apparent dispersions after coating and cracking of
the surface of the catalytic layer. Moreover, although Co3 O4 is
11 of 15



TABLE 5 Calculated TOF values based on metal dispersion (re-evaluated after HTA) at dry (300◦C) and wet (375◦C) conditions, and 0.5% CH4 . 

Catalyst 
OCF(PdO/Co3 O4 ) 

Metal dispersion 

(%) 
Reaction rate 
kmol kg− 1 s− 1 

Rate constant 
s− 1 

Apparent CH4 TOF 

s− 1 

Alu-OCF 0.89 Dry 1.39E–04 1.643 0.028 
Wet 1.08E–04 0.022 0.021 

SiC-OCF 2.05 Dry 7.37E–05 0.780 0.006 
Wet 9.15E–05 0.001 0.008 

FCA-OCF 10.24 Dry 6.18E–05 0.652 0.001 
Wet 2.60E–05 0.001 0.001 

FIGURE 9 Comparison of the calculated apparent TOFs under 10 vol% H2 O at 375◦C conditions and various CH4 concentrations over coated OCFs 
(A); comparison of the calculated apparent TOFs in the temperature range of 300◦C to 600◦C over coated OCFs at 1 vol% CH4 and 10 vol% H2 O (B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

catalytically active in wet methane combustion, the apparent
TOF was intentionally calculated based solely on Pd dispersion
for all catalysts to ensure a consistent normalization basis. TOF
values were calculated at 375◦C for wet conditions, using varying
initial CH4 concentrations (0.3%–1%) with 10 vol% H2 O (Table 5 ).
Under the tested water vapor concentration, the catalysts operate
in a regime where overall reaction rates are largely governed by
macroscopic or transport-related effects rather than by intrinsic
differences in Pd site activity. Consequently, the apparent TOF
comparison is not intended to demonstrate superior water tol-
erance, but rather to evaluate whether Pd utilization efficiency
varies with OCF type under identical wet conditions and to verify
that no severe deactivation or loss of accessible Pd sites occurs
in the presence of water vapor. The observed increase in TOF
with rising methane concentrations (Figure 9 ) suggests enhanced
catalytic efficiency, likely due to greater coverage of active sites
by methane molecules, increasing the likelihood of successful
catalytic reactions. Although the coated FCA-OCF exhibits the
lowest TOF values, the Alu-OCF-based structure demonstrates
superior TOF across various CH4 concentrations and the entire
temperature range tested (Figure 9 ). Despite having the lowest
metal dispersion, the Alu-OCF structure effectively utilizes its
active sites, achieving significant reaction rates. 

Reaction rates were evaluated for all catalyst structures under
both dry and wet conditions (Figure 10A ). The data reveal that,
overall, the supports exhibit similar reaction rates, with SiC-
OCF demonstrating consistently slightly better performance in
both conditions. This trend is further supported by the increase
in reaction rates across a range of operational temperatures
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(Figure 10B ). The results indicate that the coated FCA-OCF
exhibits the slowest reaction rate, whereas the coated SiC-OCF
demonstrates the highest rates across all tested temperatures.
Notably, FCA-OCF exhibited greater compositional variation, 
indicating potential issues with coating adhesion, which may 
have contributed to its increased sensitivity to water-induced 
deactivation. These findings suggest that metallic foams, particu- 
larly FCA-OCF, require tailored pretreatment to ensure uniform
and stable washcoating. 

5 Conclusions 

This study investigated the effects of water inhibition on ther-
mally aged, coated open-cell foams (OCFs) under steady-state 
conditions for wet lean methane combustion. SiC-, FeCrAlloy-, 
and alumina OCFs were washcoated with PdO/Co3 O4 catalyst, 
and their performance was assessed in the absence and presence
of 10 vol% of water. The introduction of water into the feed
stream significantly reduced catalytic activity, requiring higher 
temperatures to achieve comparable conversion rates to dry con-
ditions. Wet conditions also diminished or eliminated hysteresis
in the ignition and extinction curves, suggesting altered surface
chemistry on the catalysts. 

Kinetic studies, performed under differential conditions follow- 
ing hydrothermal aging, confirmed a first-order dependency on 
methane for all catalytic systems. Both external and internal
transport limitations were found to be absent. Water presence
significantly impacted methane conversion, with higher water 
concentrations leading to reduced reaction rates. The increase in
ChemCatChem, 2026



FIGURE 10 (A) Reaction rate in dry and 10 vol% H2 O at 400◦C, 1 vol% CH4 , and 30 WHSV of OCFs coated with PdO/Co3 O4 catalysts. (B) Reaction 
rates in the range of temperatures in which the kinetic regime is dominant at 1 vol% CH4 and 10 vol% H2 O for the three coated OCFs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

apparent activation energies under wet conditions is attributed to
water adsorption on the catalyst surface, which inhibits methane
activation and raises the energy required for water desorption. 

Further analysis of the catalyst supports revealed different
degrees of water inhibition among coated SiC-, Alu-, and FCA-
OCFs. Although the support material had no effect on the
activation energy, as expected with the same active site, it
influenced the water order and pre-exponential factor. SiC-
OCF exhibited the least negative water order, while FCA-OCF
experienced the greatest reduction in the pre-exponential factor,
potentially due to active site blockage under wet conditions,
resulting in lower TOF values. The hydrophobicity of the supports
appeared to play a role in water inhibition, with SiC-OCF, the
most hydrophobic of the materials tested, demonstrating superior
catalytic activity. 
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