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ABSTRACT: The impact of different support materials on the catalytic
activity of PdO-based catalysts during methane oxidation is studied using
microkinetic modeling. Two independent sets of microkinetic data were
developed, numerically studied, and validated with experimental data obtained
in dry and various humid reaction gas mixtures. An automated optimization
routine refined the original physics-based mechanism, resulting in a set of
thermodynamically consistent kinetic parameters for PdO/SnO2 and PdO/
ZrO2 that accurately describe the catalytic measurements. The findings
indicate that SnO2 and ZrO2 supports enhance catalytic activity and methane
conversion, even in the presence of water. Despite potential inhibition from
hydroxyl formation on the catalyst surface, the results of the kinetic models
show a significant influence of the support materials on the reactions occurring on the PdO surface. Sensitivity analyses of the refined
mechanisms identify essential kinetic parameters and reaction pathways of the developed mechanisms under dry and humid
conditions. Overall, this study illustrates the effectiveness of the automated optimization approach in accelerating kinetic model
development and incorporating reaction engineering over different supports, which may be exploited for scale-up processes.
KEYWORDS: emission control, methane oxidation, microkinetic modeling, PdO catalyst, model optimization

■ INTRODUCTION
Despite decades of scientific efforts for finding more suitable
materials, catalysts based on palladium (Pd), most frequently
supported on alumina (Al2O3),

1,2 remain the premier choice
for total oxidation of methane (CH4) in the low temperature
regime under lean conditions. These Pd/Al2O3 catalysts
typically exhibit a high initial activity for activating the CH4
molecule with its symmetric molecular structure and stable C−
H bonds.3,4 However, severe inhibition occurs in the presence
of water (H2O),5−9 and pronounced deactivation has been
reported during long-term operation under humid condi-
tions.7,8,10,11 Since the efficient removal of the strong
greenhouse gas methane12 is of utmost importance for modern
exhaust gas after treatment systems of natural gas engines13,14

and in general methane emissions occurring in the chemical
industry or in the energy production sector, concepts are
necessary that allow to overcome both inhibition and long-
term deactivation. Beyond the addition of Pt to Pd-based
catalysts, which has been reported to be beneficial with regard
to catalytic activity, resilience toward water, and sintering
prevention,15−17 the support material also offers chances to
optimize the catalytic activity and stability. Although a variety
of studies have addressed support modifications,18−21 the exact
role of the support material during Pd-catalyzed CH4
conversion remains poorly understood. Aspects such as the
highly dynamic Pd−PdO transformation of the noble metal
phase that takes place under reactive conditions and becomes

particularly relevant during dynamic catalyst operation,22 and
the fact that CH4 oxidation depends on the noble metal
particle size,23,24 add to the complexity of such noble metal−
support interactions.

Catalyst deactivation is primarily attributed to hydroxyl
formation and subsequent blockage of active sites,9,25,26

originating either from hydroxylation of PdO by H2O from
the gas phase or directly from surface H2O intermediates as a
consequence of the surface oxidation reactions.27,28 Hydroxyl
accumulation on the support material has been observed as
well.25,29 Previous studies pointed out that supports with
higher oxygen mobility30−32 such as ceria and zirconia26 may
be able to mitigate the negative effect of OH species, which are
supposed to impact the catalytic methane oxidation activity.31

Additionally, surface reoxidation of the noble metal particles
PdO crucially influences the catalytic activity.33−36 Capturing
all these effects either experimentally or by means of kinetic
simulations is challenging, since a multitude of phenomena
may take place simultaneously, which calls for a deconvolution.
Although global kinetic models have been often described in
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the literature19,37−40 and were demonstrated to simulate
experimental data fairly well,19,39,40 their application is
frequently limited to the specific reactor environment that
was used during the experimental measurements. Therefore,
global kinetics that have not been designed for generalization
do not allow for a comprehensive understanding of the
underlying mechanism and impede direct knowledge transfer
from simulations to optimization of the catalyst system. In
contrast, the establishment of microkinetic models is less
straightforward, since a great variety of reactions taking place
on the surface of the catalyst need to be taken into account.
Once validated, microkinetics offer great opportunities to study
the catalyst at various conditions, since the model typically
comprises all possible surface reactions and species.41

For the total oxidation of methane over PdO, which is
assumed to be the predominant active species under lean
conditions, a detailed mechanism has already been proposed
and tested in different reaction environments.9,42,43 DFT-based
microkinetic models, however, may inherently contain
uncertainties of up to 30 kJ mol−1 in the calculated energy
barriers.44−46 For complex systems such as methane oxidation,
these uncertainties can build up to considerable extent47,48 and
may even change the rate-determining step.49 As described by
Kreitz et al.,48,50 the DFT-related error propagation can be
investigated during mechanism development with the Reaction
Mechanism Generator (RMG),51 which uncovers the effects of
this restriction during reactor simulations. To this point, the
approach for mean-field microkinetic models is considering the
given reactions attributed to the active surface of the catalyst,
namely, PdO. Herein, no participation of the support material
on the catalytic reaction network is considered. However, the
support material of the catalyst influences the catalytic
performance,20,52−54 which particularly highlights the need
for tailored mechanisms for different catalyst formulations. In
the context of CH4 oxidation, the use of SnO2 as a support
material has been reported to enable a well-balanced
interaction between the noble metal and the support, which
is assumed to enhance the water resilience.6,55,56 In particular,
SnO2 may not only assist in the activation of oxygen,57 which
could benefit the methane oxidation rate in the presence of
water, but may also contribute to high catalytic activity due to
its reducibility that contributes to the redox behavior of the
active palladium species.19,55 Furthermore, compared to Al2O3,
SnO2 is assumed to facilitate dehydroxylation,58 possibly
influenced by H2O adsorption enthalpies on PdO that vary for
SnO2- and Al2O3-supported catalysts.6 As an alternative, ZrO2
as a support material might help sustain a good reducibility of
PdO particles on the surface of the catalyst due to improved
metal−support interactions.53 For this reason ZrO2 is some-
times favored for methane oxidation catalysts as it influences
the PdO/Pd stability and reducibility in dry conditions as well
as in the presence of water,19,59 combined with excellent
hydrothermal stability,8 compared to inert (SiO2) or acidic
(Al2O3) materials.60

Our recent work61 demonstrated the suitability of the Basin-
Hopping algorithm for optimizing the kinetic parameters of
detailed surface reaction mechanisms while maintaining
thermodynamic consistency. The use of automation in the
generation of simulation input files, e.g., altering the kinetic
model used within the simulation, and multiple parallelized
execution calls at each iteration of the optimization routine
enabled significant acceleration in finding the optimal solution,
which is otherwise done manually. This approach is used for

the total oxidation of methane over palladium-based catalysts
with different support materials, namely SnO2 and ZrO2, in
lean operation. First, it is described where discrepancies
between existing models and experimental results originate
from. Second, two sets of kinetic parameters of a multistep
reaction mechanism are derived from the two kinds of catalysts
using the results of experimental activity tests for these
catalysts. Ultimately, differences in the reaction pathways and
sensitivities of the parameters for all of the support materials
studied are discussed using these two sets of reaction kinetic
parameters.

■ METHODS
Kinetic Parameter Optimization Approach. The two

reaction kinetic data sets for methane oxidation over PdO
supported on SnO2 and ZrO2, respectively, are obtained using
an automated reaction mechanism optimization procedure61 as
illustrated in Figure 1, leveraging existing physics-based models

and experimental data under various operating conditions. A
detailed surface reaction mechanism with first-principles-based
reaction rate parameters42 for a well-understood catalytic
system, i.e., PdO/Al2O3 serves as a basis, as initial guesses to
the kinetic parameters. Here, new kinetic parameters are
obtained for PdO on different supports but with the same
surface reactions by optimizing the parameters to match the
catalytic performance on a subset of experimental data. This
method accelerates model development for catalytic systems
with existing detailed models, provided that the catalyst
modification, here, the use of different supports, does not alter
the underlying reaction mechanism. This approach can
significantly speed up model development and support
reaction engineering, as well as scale-up processes. Typically,
technical catalyst development focuses on a single active
material, improving its activity by varying supports and
synthesis methods without changing the overall mechanism,
highlighting a potential use case of the presented optimization
approach.

The experimental performance data are utilized in part for
the optimization process and in part for the validation
procedure. The overall optimal set of new kinetic parameters
was obtained by minimizing the error between the modeled
and experimental methane conversion data, however, only for
two conditions: 0 vol % H2O (dry) and 1 vol % H2O. In these
sets only T10, T50, and T90, i.e., the temperature of 10%, 50%,

Figure 1. Graphical illustration of the optimization and validation
process.
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and 90% conversion, respectively, were chosen for the
optimization routine. These conditions were chosen to
minimize computational effort during the calculation of the
objective function and to use the rest of the data to test the
generalizability of the optimized models. Under these
conditions, packed bed reactor simulations were performed
at each iteration of the optimization routine, and the simulated
data were compared with the experimental data to determine if
the current set of kinetic parameters is accepted or not. Once
the optimization procedure is complete and a new and
optimized kinetic parameter set is obtained, the rest of the
experimental data, which involve all humid concentrations
between 2 and 12 vol % H2O, were used for validation. Further
details about the optimization procedure, the modeling details,
and the characterization data used in simulations are provided
in the Supporting Information.

■ RESULTS AND DISCUSSION
Methane Oxidation over SnO2-Supported PdO Cata-

lysts. As already outlined in the Introduction, lean-operated
Pd-based methane oxidation catalysts greatly suffer from
inhibition due to the presence of water, which is an inevitable
component of the exhaust gas and is also formed during the
reaction on the surface of the catalyst. As underscored by the
experimental data depicted in Figure 2 (dots), the addition of

only 1 vol % H2O to the reaction gas mixture (3200 ppm of
CH4, 10 vol % O2, and balance N2) shifts the catalytic activity
of the PdO/SnO2 powder catalyst toward higher temperatures.
A further increase in the steam concentration results in an
increasing inhibition. In particular, T50, the temperature at 50%
conversion, is 588 K in a dry reaction gas mixture but rises to
675 K in the presence of 12 vol % H2O. Such effects can be
captured by mean-field microkinetic models that describe
surface reactions taking place on the noble metal particles. For
methane oxidation over PdO, Stotz et al.42 published a
mechanism based on DFT calculations.43 In their study,
activity tests focused on alumina-supported catalysts, high-

lighting how a blockage of active surface sites occurs by
hydroxylation. This hydroxyl accumulation on both the noble
metal and the support material is the primary origin of water
inhibition and long-term deactivation.9

When comparing different catalyst formulations, existing
models often diverge from experimental activity data, e.g., as
can be seen in Figure 2a. Herein, an experimental light-off
measurement of a PdO/SnO2 powder catalyst sample is
compared with the model proposed by Stotz et al.,42 which is
originally validated for an Al2O3-supported catalyst. Compared
with the simulations (solid lines), the experimental data
(denoted as points) clearly show higher conversions in the
absence of water. Similarly, the model underpredicts the
catalytic oxidation of methane in the presence of water and
suggests conversions that are too low for all water
concentrations subject to this study. Consequently, the water
inhibition effect is overestimated. This deviation is expected as
the original model developed for an Al2O3-supported catalyst
did not consider any effect of the support and therefore cannot
be used directly to simulate the catalytic performance of PdO/
SnO2.

Since catalyst formulation-related structural parameters, i.e.,
different accessible surface areas and particle sizes, were
considered when applying the original model for PdO/SnO2,
the divergence of modeled and experimental data calls for an
improvement of the model (Figure 2a). The microkinetic
mechanism published by Stotz et al.42 is based on first-
principles, which does not include the influence of the support
material. While the model matches the water inhibition
observed for Al2O3-supported catalysts fairly well,9,42 it
neglects all the potentially beneficial properties of SnO2 that
are summarized in the Introduction and thus underestimates
the actual performance of PdO/SnO2 observed herein (Figure
2a).19,55 Since the influence of such support-related effects may
indirectly lay within the uncertainty of the energy barriers
originating from DFT calculations,48,50 fine-tuning of the
specific set of kinetic parameters for all 39 reversible reactions
to the experimentally measured conversion rates of the catalyst
is justified.

In Figure 2b, the experimental data are compared to the
simulation results obtained with the optimized model for
PdO/SnO2. Here, the automated reaction mechanism
optimization was applied to capture the light-off behavior for
the dry case as well as the shift of the light-off curve toward
higher temperatures in the presence of water. As described in
the Methods section, a set of independent but sensitive
reactions is chosen to be subsequently optimized by the
algorithm. Possible changes are highly limited for several
reasons. First and foremost, the boundaries for the
independent reaction parameters are set to ±1% of their
value at any given iteration of the hopping procedure;
therefore, the changes of the new microkinetic model should
stay within a small range. Second, larger adjustments are
allowed to occur mostly for the kinetically less significant
reactions. The selected data set for the optimization process for
the SnO2 support comprised only the three different
temperatures T10, T50, and T90, i.e., the temperatures at 10%,
50%, and 90% methane conversion, obtained from the light-off
curves in dry feed with 1 vol % H2O. This input provided
sufficient information for the objective function to obtain the
best matching set of parameters. When the performance of the
optimization process was tested by running simulations with
the optimized model at different water concentrations up to 12

Figure 2. Experimental light-off data (dots) for a PdO/SnO2 catalyst
in 3200 ppm of CH4, 10 vol % O2, and balance N2 with varying H2O
concentrations from 0 to 12 vol % at a linear temperature ramp of 3 K
min−1 and a GHSV = 80,000 h−1 compared with simulation data
(lines) obtained with (a) the model by Stotz et al.42 and (b) the
adjusted new model for PdO/SnO2. Experimental data points
reproduced from ref 19. Available under a CC-BY license. Copyright
2023, K. Keller, P. Lott, S. Tischer, M. Casapu, J.-D. Grunwaldt, and
O. Deutschmann.
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Table 1. Kinetic Parameters of the Two-Site Mean Field Reaction Mechanism for CH4 Oxidation Over PdO/SnO2 in the Form
of the Modified Arrhenius Expressiona

aThe mechanism is fully thermodynamically consistent. Pd(cus) sites are denoted as (a), whereas O(cus) sites are represented by (b).42
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vol %, a good fit was achieved for all studied H2O
concentrations and reactor temperatures (Figure 2b).

The resulting microkinetic mechanism for the SnO2-
adjusted model is listed in Table 1, with changes compared
to the original mechanism in the activation barrier colored in
red for absolute adjustments above 9%, in green below 4%, and
in yellow for adjustments in between , with arrows indicating
the direction of adjustment (increase ↑, decrease ↓),
respectively. It is to be noted that the parameters in Table 1
correspond to the modified Arrhenius equation (eq S4). The
associated surface rate expressions (in mol cm−2 s−1) are given
in eqs S5 and S8. The pre-exponential factors are expressed in
units (cm2 mol−1 s−1) for all of the bimolecular reactions and
(s−1) for the unimolecular reactions (specifically R4r, R5r, R7r,
and R8r). The sticking coefficients s0 for the adsorption
reactions and the temperature-dependent parameter β are
dimensionless. The values are given for a reference temper-

ature of 1 K and a surface site density of 3.553 × 10−9 mol
cm−2.

Among the reactions that had higher adjustments (shown in
red), the highest absolute change was made in the activation
barrier for reaction R14r (index r: reverse reaction): It led to a
reduction in the activation energy value by 19 kJ mol−1,
corresponding to 0.20 eV and representing a reasonable
change in comparison to the overall discussed uncertainty of
the energy barriers originating from DFT calculations, e.g.,
caused by the electron correlation and exchange in the code,62

which then potentially sums up to an uncertainty of around
20−30 kJ mol−1.,44,45 A more detailed analysis of the
differences in activation energies for the optimized model
can be found in Figure S6. In this work, the step size for the
parameter search was kept relatively small in order to minimize
deviation from the original parameters. Additionally, multiple
local minima from the parameter search were analyzed to

Figure 3. Simplified representation of the reaction flow analysis of the mechanism optimized for PdO/SnO2 at different temperatures (T10, T50,
T90) and in the absence (a) and presence of 12 vol % H2O (b) in 3200 ppm of CH4, 10 vol % O2, and balance N2. A-sites denote a Pdcus-site, b-sites
denote an Ocus-site, whereas vac(b) represents an oxygen vacancy Ox

cus within the PdO surface as denoted in the original mechanism.42
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identify the physically most realistic solution. However, to
further enhance the discovery of physically realistic models by
exploiting prior knowledge, methods such as the Bayesian
Parameter Estimation, which accounts for both parameter and
experimental data uncertainties,63 or regularization techni-
ques64 to search for sparse solutions, i.e., minimum changes to
the original parameters, may be beneficial.

In order to fully elaborate on the catalytic activity in the
absence and presence of water, a reaction path analysis that
identifies the dominant pathways on the surface for three
different temperatures T10, T50, and T90 was conducted and is
presented in Figure 3. Here, the evolution of crucial surface
species toward CO2(g) formation as well as the influence of
water and higher temperatures on the preferred reaction
pathway is shown. The preferred reaction paths under

changing reaction conditions match the findings by Stotz et
al.,42 who concluded that methane oxidation occurs predom-
inantly via two different reaction pathways that either involve
hydroxyl-methyl intermediates (CH2OH-a) or methylene
intermediates (CH2−a); in the mechanism, -a and -b represent
two different surface sites as indicated in the microkinetic
mechanism in Table 1. While the CH2OH-a-assisted route
(CH4(g) → CH3-a → CH2OH-a → CH2O-a → CHO-a →
CO-a → CO-b → CO2(g)) is responsible for methane
oxidation at lower temperatures and under dry conditions, the
CH2-a-assisted route (CH4(g) → CH3-a → CH2-a → CH2-b
→ CH2O-a → CHO-a → CO-a → CO-b → CO2(g)) is
mostly dominant at humid conditions and higher temper-
atures.42 In general, it is not possible to deconvolute the effect
of every change made during the automated optimization

Table 2. Consumption Preference of O-a under Dry and Humid Conditions (12 vol % H2O)

Preference under dry conditions Preference under humid conditions

Nr. Reaction T10, 543 K T50, 584 K T90, 621 K T10, 638 K T50, 674 K T90, 706 K

R6 a + O-a + H2O = OH-a + OH-a 33.72% 36.14% 37.39% 78.1% 79.64% 81.96%
R12 CH3-a + O-a = a + CH2OH-a 46.25% 47.20% 44.21% 20.7% 17.37% 12.55%
R30 O-a + O-a = a + O2-a 15.58% 8.55% 5.1% 0.2% 0.27% 0.3%
R32 vac-b + O-a = a + b 4.44% 8.10% 13.29% 1.03% 2.72% 5.18%

Figure 4. Simulated surface coverages under dry conditions (3200 ppm of CH4, 10 vol % O2, balance N2; GHSV = 80 000 h−1) of the most
abundant species on a- and b-sites for different temperatures at different axial positions within the PdO/SnO2 catalyst (packed bed): (a) Free a
sites, (b) Free b sites, (c) H2O-a species, (d) H-a species, (e) H-b species, (f) OH-a species, (g) O-b species, (h) O-a species, and (i) vac-b species.
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process because it is the combined effect of the changes in all
the mechanism parameters that leads to a better prediction of
the experimental data. One of the reactions that was subject to
the biggest changes was reaction R14r: the activation energy of
the reaction was lowered, which suggests a pronounced shift of
surface species from CH2OH-a toward CH2-a; this shift might
lead to the enhancement of the wet pathway allowing to better
describe the catalytic performance in the presence of water.
Moreover, reaction R25r is adjusted to increase the rate of
CHO-a species formation, which is the last step before CO
formation on the surface, and ultimately leads toward CO2(g).
It should be pointed out that the sensitivity of each reaction
must be considered. It is therefore observed that even with
some larger changes to the initial parameters, the major
reaction pathways remain unchanged.

As shown in Figure 3, in both dry and humid conditions,
CH4 most preferably adsorbs dissociatively over free a- and b-
sites, which proceeds through reaction R1f (index f: forward
reaction). The activation of CH4 through OH-a (R2f) is
preferred only by less than 9% at all different temperatures,
although its contribution under humid conditions is slightly
higher compared to the dry case, most likely due to a higher
availability of OH-a species. Subsequently, the two major
pathways that are responsible for methane oxidation are shown
quantitively for T10, T50, and T90 (Figure 3). While under dry
conditions at 543 K, i.e., T10, all adsorbed CH3-species are
further reacting toward CH2OH-a through R12f, only 90.3% of
CH3-a participate in this reaction at 621 K. Simultaneously, the
contribution of the high-temperature pathway, i.e., R13f and
CH2-a species, increases to 9.7%, which agrees with the initial
mechanism.42 However, the CH2OH-a-assisted pathway is less
preferred compared to the CH2-a-assisted pathway for all
temperatures under humid conditions. At 638 K, correspond-
ing to T10 in humid conditions, already 58.5% of CH3-a species
react to CH2-a via R13f, in comparison to 41.4% toward
CH2OH-a through R12f. With increasing temperature even
more CH3-a surface species are consumed toward CH2−a
formation, which highlights the importance of the CH2-a-
assisted high-temperature reaction pathway especially in the
presence of water.

In the dry pathway, the CH3-a species interacts with O-a
species to form CH2OH-a; under humid conditions, however,
the O-a species is preferentially consumed for water activation
through oxidative dissociative adsorption from the gas phase,
i.e., R6f leading to the formation of OH-a species. The results
of the reaction flow analysis in terms of the consumption of O-
a species within the reaction network are summarized in Table
2. The consumption share of O-a in R6f further increases with
higher temperatures for both dry and humid conditions. This
points to a change in the dominant reaction pathways that is
due to the consumption preference of aqueous O-a for water
activation rather than the formation of CH2OH-a through R12f.

Furthermore, Figures 4 and 5 show the most abundant
surface intermediates under dry and humid conditions,
respectively. The reduction of surface coverages and the
absence of gradients in the reactor for the O-a species from dry
to humid conditions further demonstrate that the O-a species
are consumed for reactions other than R12f. The low coverages
of OH-a species under both conditions show that once formed
it reacts quickly via R2f, R13f, and R16f toward CH3-a, CH2-a,
and CHO-a formation, respectively, and consequently
produces H2O-a species on the surface of the catalyst.

The data shown in Figure 5 uncover that even in a dry feed
that does not contain any water in the gaseous atmosphere, a-
sites are mostly covered by water (H2O-a; Figure 4c) and a
small fraction of H-a species (Figure 4d) once the temperature
is sufficiently high for methane conversion. Both surface
species originate solely from the surface reaction itself. With
H2O coverages of over 80% at T50 and below, most a-sites are
blocked by H2O already at rather low temperatures (cf. Figure
4c). Although increasing temperatures facilitate the desorption
of water and thus more a-sites become accessible, OH-a
remains the predominant species on a-sites with a maximum
coverage of 68% mainly via R39f, R29f, and R6f at temperatures
around 650−700 K. Only once the temperature exceeds 700 K,
ensuring complete oxidation of methane, a-sites become
available again, as the chemical reactions and desorption
processes are rather fast and mostly occur in the front zone
near the catalyst inlet. The spatial profile of vac-b sites supports
this conclusion as it shows the highest presence at the
beginning of the reactor with increasing temperature (Figure
4i). The production of vac-b sites via R28f as a byproduct is the
penultimate step for the production of CO2 as CO2-a species
and hence also signifies methane conversion to CO2. As
depicted in Figure 4i, free b-sites become available once the
overall conversion of methane is high at elevated temperatures.
At low temperatures, the b-sites are almost entirely covered by
the H-b species (Figure 4e) that form predominantly via R39f
and from the hydrogen abstraction reactions during the
oxidation process of methane. In turn, H-b species are

Figure 5. Simulated surface coverages under humid conditions (3200
ppm of CH4, 10 vol % O2, 12 vol % H2O, balance N2; GHSV = 80 000
h−1) of the most abundant species on a- and b-sites for different
temperatures at different axial position within the PdO/SnO2 catalyst
(packed bed): (a) Free a sites, (b) Free b sites, (c) H2O-a species, (d)
H-a species, (e) H-b species, (f) OH-a species, (g) O-b species, (h)
O-a species, and (i) vac-b species.
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Figure 6. Reaction preference for consumption and production of H2O-a species over PdO/SnO2 at T10 for (a) dry conditions at 543 K (red) and
(b) humid conditions at 638 K (blue); reaction gas mixture: 3200 ppm of CH4, 10 vol % O2, 0/12 vol % H2O, and balance N2.

Figure 7. Reaction preferences for a- and b-sites over PdO/SnO2 at T10 for (a) dry conditions at 543 K (top, red) and (b) humid conditions at 638
K (bottom, blue); reaction gas mixture: 3200 ppm of CH4, 10 vol % O2, 0/12 vol % H2O, and balance N2.
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consumed mostly via R29f by interaction with free a-sites to
produce vac-b and OH-a species, which becomes increasingly
relevant at an elevated temperature. O-b species are formed via
vacancy regeneration according to R5f and are subsequently
consumed to generate free b-sites (R31f). Thus, with
increasing temperature, H-b coverages decrease, and free b-
sites are available.

In humid reaction conditions, i.e., in the presence of 12 vol
% of water, over 98% of active a-sites are expected to be
blocked by H2O (Figure 5c) originating from the oxidation
reaction on the one hand, but mostly due to H2O adsorption
from the gas phase. Herein, OH-a species remain low in
coverage, which only ramps up at higher temperatures above
700 K (Figure 5f). However, H2O-a species remain the most
abundant species until the temperature exceeds 700 K, which is
almost T90 and thus demonstrates the pronounced inhibition
effect of water on the surface of the catalyst. Only at even
higher temperatures does the occupation of a-sites decrease
due to desorption of surface adsorbates, herewith showing the
same trend observed for dry conditions. Similar to the dry case,
H-b species are the most abundant species on b-sites at lower
temperatures (Figure 5e). However, since most a-sites are
blocked by adsorbed H2O (Figure 5c) and no coverages of vac-
b are predicted by the model (Figure 5i), the observed early
accumulation of H-b does not signify CH4 activation and
subsequent adsorption, but rather the influence of H2O on the
surface of the catalyst. Nonetheless, at temperatures above 650
K and conversion rates over 50% mostly free a-sites are
accessible (Figure 5a) because the overall reaction and the
desorption processes of reaction products and water are
comparably fast.

In this regard, it is important to understand where surface
H2O on a-sites originates from, which is described using the
effective integral rates of the consumption and production
reactions for H2O-a as illustrated in Figure 6 for the dry and
wet cases at their respective T10. As depicted in Figure 6a for
the dry case at 543 K, 7.28% of H2O-a species are produced
through the adsorption of CH4 over OH-a and a-sites
according to reaction R2f. However, the majority of H2O-a
species are produced from CH2O-a species further reacting to
CHO-a (92.02%; R16f). As already discussed above, mainly
two reaction routes are responsible for methane oxidation on
the surface of the catalyst, namely, R12f (CH2OH-a assisted)
and R13f (CH2-a assisted). These pathways are combined
again with reaction R16f to form CHO-a. Due to the low
activity at T10 and the absence of water in dry conditions,
mostly the CH2OH-a-assisted route is preferred and accounts
for methane oxidation at lower temperatures. The relevance of
these reaction pathways changes under humid conditions and
thus a higher T10 temperature of 638 K (Figure 6b). With
more methane being oxidized over the CH2-a-assisted pathway
and a production of 38% of H2O present on a-sites via R13f,
the contribution of R16f reduces compared to the dry case to
only 56%.

Furthermore, the path preferences presented in Figure 7
clearly demonstrate that the b-sites follow the same pattern in
both dry and humid conditions, with a slightly higher
preference to R39f (92.32% in the dry case and 96.19% in
the wet case), i.e., H-adsorption from a b-site toward OH-a
and H-b, for consumption and regeneration through R31f, i.e.,
oxygen exchange from O-b to a free a-site (95.44% in the dry
case and 98.86% in the wet case). However, the regeneration

Figure 8. Sensitivity analysis at T10 for the methane oxidation mechanism over PdO/SnO2 in the absence of water (red) and presence of 12 vol %
water (blue) in 3200 ppm of CH4, 10 vol % O2, and balance N2.
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of a-sites via H2O desorption is lower for the wet case with
79.02% as compared to 85.13% for absence of water, which can
be attributed to the humid conditions in the presence of 12 vol
% H2O in the gas phase. Since the availability of free a-sites is
generally low, the rate of O2 adsorption decreases significantly
even though the temperature is higher in the wet case from
93.20% to 54.97%. As a result, the relevance of the oxidative
dissociation adsorption of water via R6f increases to 10.69%.

Ultimately, a sensitivity analysis for the mechanism adjusted
for PdO/SnO2 and the effect of absence and presence of water
is presented in Figure 8. For dry conditions, although no
additional water is present in the gas phase and is exclusively
produced during the oxidation reaction itself, water desorption
on a-sites and the reactions R29f and R29r involving H-b
species are most sensitive. Under consideration of the surface
coverages, H-b was already shown to be a main indicator for
CH4 adsorption and activation on the surface of the catalyst.
Therefore, in the absence of water they remain the most
sensitive reactions for the adjusted new microkinetic model.
For the wet case, as shown in Figure 8, different reactions that
predominantly involve H2O species and their derivatives on
both a- and b-surface sites are considered sensitive. Especially
at lower temperatures around T10 the surface is mostly covered
and blocked with these surface species, highlighting why the
catalytic activity during methane oxidation should always be
discussed in the presence of water originating from the gas
phase.

Methane Oxidation Over ZrO2 Supported PdO
Catalysts. In comparison to the SnO2-supported sample, the
overall performance of the ZrO2-supported methane oxidation
catalyst during the activity tests is slightly shifted toward higher
temperatures (Figure 9). Here, T50 is approximately 590 K in
dry reaction conditions and almost full conversion is achieved
only above 650 K. The pronounced inhibition effect in the
presence of 12 vol % H2O shifts T50 toward 698 K, which is an
increase by 24 K compared to the SnO2-supported catalyst.
Nonetheless, PdO/ZrO2 catalysts can outperform conventional

Al2O3 samples according to the literature,19,26,65 as can be seen
in the comparison with the model by Stotz et al.42 in the upper
part of Figure 9a. Due to the pronounced water inhibition that
persists also at higher temperatures, the initial model that was
originally developed for PdO/Al2O3 catalysts matches the
experimental light-off data obtained for PdO/ZrO2 in the
presence of water rather well. However, the microkinetic
mechanism fails to accurately describe the performance in dry
conditions: methane conversion is underpredicted significantly,
which calls for an optimization of the microkinetic model.
With the help of an automated optimization tool, a new set of
mechanism parameters is generated that is tailored to capture
the catalytic activity of PdO/ZrO2 methane oxidation catalysts
over a broad range of conditions and that considers water
inhibition. Since the accessible surface area of the catalyst is an
input parameter of the model, therefore influencing the
simulated conversion rates due to the underlying Mars−van
Krevelen mechanism,23,66 the catalytic activity in general can
be further dependent on the diameter of the active noble metal
particles67 and morphology.68 Therefore, increased catalytic
activity is also observed for slightly bigger particles such as
PdO on ZrO2, as described in Table S1, correlating with the
weakened Pd−O bond strength.23,66

Regarding the adjusted model for PdO/ZrO2 that is
depicted in Figure 9b, the optimization of the kinetic
parameters improved the overall agreement with the
experimental results in the absence of water, while the
accuracy in humid reaction conditions remained fairly high.
The underlying physicochemical phenomena are reflected in
the adjusted mechanism, as shown in Table 3.

Surface species originating from CH3-a are most decisive for
the catalytic activity, as they mark the starting point for either
the dry/low-temperature pathway (CH2OH-a assisted) or the
wet/high-temperature pathway (CH2-a assisted). For an
improved accuracy in the absence of water, however, a shift
from the CH2-a assisted to the CH2OH-a-assisted pathway is
required to improve catalytic conversion at lower temperatures,
which is achieved through the increase in the energy barriers of
reactions R13f, R14r, and R18f. Notably, analyzing all shown
changes within the new microkinetic model is not possible as
discussed before because the overall optimization routine and
methodology including the smaller adjustments are influential
in contributing to the presented results. However, the biggest
changes made in the activation energies are presented in Figure
S7. Figure S8 also compares the energies for the reactions
involved in the dominant reaction pathways for the parameters
of both the supports. Ultimately, the changes in the
microkinetic model affect the dominant reaction pathways,
i.e., the two oxidation routes involving CH2OH-a and CH2-a
intermediates, as discussed in the following.

Most kinetic parameters were algorithmically optimized to
better predict the experimental values, especially under dry
conditions. This effect of improved catalytic activity in the
absence of water for the model adjusted for PdO/ZrO2 is
depicted in the reaction flow analysis shown in Figure 10. In
contrast to the mechanism that was optimized for PdO/SnO2
focusing on an accurate description especially at elevated
temperatures under dry conditions, with the CH2-a oxidation
route being most significant, and 10% of CH3-a species being
converted to CH2-a at T90, for the ZrO2 model, however,
shows the CH2OH-a-assisted route as the dominant pathway
with a ratio of over 98% for all depicted temperatures. This
demonstrates how the kinetic parameter adjustments primarily

Figure 9. Experimental light-off data (dots) for a PdO/ZrO2 catalyst
in 3200 ppm of CH4, 10 vol % O2, and balance N2 with varying H2O
concentrations from 0 to 12 vol % at a linear temperature ramp of 3 K
min−1 and a GHSV = 80 000 h−1 compared with simulation data
(lines) obtained with (a) the model by Stotz et al.42 and (b) the
adjusted new model for PdO/ZrO2. Experimental data points
reproduced from ref 19. Available under a CC-BY license. Copyright
2023, K. Keller, P. Lott, S. Tischer, M. Casapu, J.-D. Grunwaldt, and
O. Deutschmann.
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Table 3. Kinetic Parameters of the Two-Site Mean Field Reaction Mechanism for CH4 Oxidation over PdO/ZrO2 in the Form
of the Modified Arrhenius Expressiona

aThe mechanism is fully thermodynamically consistent. Pd(cus) sites are denoted as (a), whereas O(cus) sites are represented by (b).42
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affect the CH2OH-a-assisted pathway, thereby improving the
methane conversion under dry conditions. Simultaneously,
although the model’s accuracy in the presence of water is
unaffected, the reaction flow analysis under these conditions
shows that over PdO/ZrO2 the CH2OH-a-assisted pathway is
still the dominant pathway, albeit the CH2-a-assisted pathway
significantly contributes to the catalytic activity under dry
conditions. As the temperature increases from T10 to T90, the
CH2-a route becomes more prominent and eventually
surpasses the CH2OH-a route, making it the preferred reaction
path at T90. Therefore, the algorithmic optimization of the
mechanism toward a more accurate description in dry
conditions, while maintaining the inhibition effect in the
presence of water, leads to different ratios between the two

reaction pathways on the one hand and to slight changes in the
species coverages in comparison to the PdO/SnO2 mechanism.

Due to the change in the mechanism parameters, different
coverages for the dry and wet cases are calculated from the
simulations for the PdO/ZrO2-adjusted model and shown in
Figures S2 and S3. The coverages for the most abundant
surface intermediates are qualitatively similar in their spatial
profiles compared to the SnO2 model (cf. Figures 4, 5).
Furthermore, the surface coverages of free b-sites and OH-a
species, which are essential for the production of CH2-a species
through R13f and R18f, are similarly developed (cf. Figures 4,
5, S2, and S3) for both models. Similar trends are also
observed for the production and consumption of H2O-a sites
as shown in Figure S4 (cf. Figure 6). Here, at dry conditions

Figure 10. Simplified representation of the reaction flow analysis of the mechanism optimized for PdO/ZrO2 at different temperatures (T10, T50,
T90) and in the absence (a) and presence of 12 vol % H2O (b) in 3200 ppm of CH4, 10 vol % O2 and balance N2. A-sites denote a Pdcus-site, b-sites
denote an Ocus-site, whereas vac(b) represents an oxygen vacancy Ox

cus within the PdO surface as denoted in the original mechanism.42
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similar ratios compared to the PdO/SnO2-adjusted model are
observed; however, for the PdO/ZrO2 catalyst, a higher
production of OH-a compared to simple H2O desorption is
found for the consumption of H2O-a sites. In humid
conditions, more H2O-a is produced from CH2O-a (R16f)
and less from CH3-a (R13f), however, also the water
desorption is increased for this case. For the reaction
preferences of a- and b-sites shown in Figure S5, the
consumption and production of both sites are similar to the
ones described for the PdO/SnO2-model (cf. Figure 7); the
only difference is found in the production of slightly more OH-
a species through R39f and the adsorption of hydrogen on a
free b-site in dry conditions.

A comparison of the sensitivity analysis of the new
microkinetic mechanisms, i.e., for PdO/SnO2 (Figure 8) and
PdO/ZrO2 (Figure 11), uncovers differences regarding the
most sensitive reactions. For PdO/ZrO2, the a- and b-site-
assisted CH4 activation toward CH3-a plays a major role in the
mechanism under both the dry and humid conditions.
Additionally, R13r and the further reaction of CHO-a toward
CO-a, which mark the last steps toward CO2 formation, show
their sensitive character. Under humid conditions, however,
the sensitivity analysis again shows more evenly distributed
values particularly focusing on O-a sites through R31r and
water desorption reactions.

■ CONCLUSIONS
The study investigated how different support materials affected
the catalytic activity during methane oxidation by comparing
them to traditional Al2O3-based PdO catalysts. Using micro-
kinetic modeling, it highlights the complex interplay of

parameters in the Arrhenius expression and the impact on
simulation results. The study shows that using SnO2 or ZrO2 as
a support material can improve catalytic activity and methane
conversion, even in the presence of water. Despite potential
inhibition from hydroxyl formation on the support, the results
demonstrate that reactions on the PdO surface are significantly
influenced by the different support materials. Therefore, a
previously published microkinetic model originally developed
for describing the total oxidation of methane over Al2O3-
supported PdO-based systems42 was modified to capture the
performance of PdO/SnO2 and PdO/ZrO2 catalysts, including
the inhibiting effect of water vapor. Here, two independent sets
of microkinetic data for a detailed reaction mechanism are
presented, numerically studied with packed-bed reactor
models, and compared to experimentally determined activity
data obtained in the absence and presence of various water
concentrations. An automated reaction mechanism optimiza-
tion approach was used to fine-tune the original mechanism
with the best set of the total 78 reactions and 234 parameters
for the dual-site microkinetic mechanism. The new thermody-
namically consistent models for PdO/SnO2 and PdO/ZrO2
allow to describe light-off measurements with good accuracy.
The analysis of the surface coverages revealed the importance
of H2O-a species, which seem to block the a-sites (denoting
unsaturated Pd sites in PdO particles) to a higher extent under
humid reaction conditions. Two different reaction routes and
particularly important surface species were identified by a
reaction flow analysis, i.e., CH2OH-a, which is relevant at lower
temperatures, and CH2-a, which is mostly present at higher
temperatures and in humid conditions. However, it was found
that the change in the two dominant reaction pathways is

Figure 11. Sensitivity analysis at T10 for the methane oxidation mechanism over PdO/ZrO2 in the absence of water (red) and presence of 12 vol %
water (blue) in 3200 ppm of CH4, 10 vol % O2, and balance N2.
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mostly caused by the preference of O-a sites for water
activation, even for the dry case with no additionally dosed
water, therefore referring to H2O as the product of the
oxidation reaction itself. Ultimately, the sensitivity analysis
conducted for both mechanisms illustrates the impact of
temperature, i.e., T10 differs for dry and humid conditions, and
the change of the kinetic parameters toward sensitive reactions
of the two newly generated mechanisms.

The derived microkinetic reaction kinetics for two PdO-
based catalysts serve as a further example for the successful use
of existing physics-based models and experimental data
analysis: An established detailed surface reaction mechanism
with associated physics-based rate parameters for a certain
well-understood catalytic system consisting of an active catalyst
material (PdO) and support material (Al2O3) serves as the
basis for the establishment of new sets of kinetic data for a
similar catalytic system, here PdO as the active material with
different supports, i.e., SnO2 and ZrO2. The derivation of the
new kinetic schemes uses a numerical algorithm for optimizing
the kinetic parameters in order to fit experimental observations
for each of the different supported catalysts. This procedure
substantially accelerates model development for catalytic
systems, for which a detailed “role model” already exists;
however, minor changes are mandatory. Nevertheless, this
procedure can only be applied if the catalyst modification, such
as the use of a different support, does not lead to a new
reaction mechanism network. Commonly, the development of
technical catalysts relies on a single active material, while its
activity is improved by varying the support and synthesis
procedures without changing the general mechanism. Here, the
proposed optimization procedure can speed up model
development by orders of magnitude and support reaction
engineering as well as scale-up processes.
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