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Abstract

Platinum-catalyzed methane oxidation processes have significant potential in pollutant emission control and chemical synthesis. Detailed
models, including elementary gas and catalyst phase chemistry and multicomponent transport, have been developed in the literature. However,
the catalyst-phase chemical reaction mechanisms have a number of drawbacks. In this study, we apply a multistep methodology to construct
a C1 surface reaction mechanism for methane oxidation on platinum. First, a comprehensive set of elementary C1 reaction steps is laid
down, followed by calculation of thermodynamically consistent, species-coverage-dependent activation energies and heats of reaction. Next,
order-of-magnitude estimates of the preexponentials are obtained from transition state theory and simulations are conducted using this
reaction mechanism to obtain predictions of targeted experiments. Reaction path analysis and sensitivity analysis are subsequently employed
to identify the important steps for each experiment and refine the preexponentials of these reactions. Finally, this mechanism is validated
by comparison with other sets of experiments. Ignition and extinction temperatures, fuel conversion, selectivity to syngas, and laser-induced
fluorescence signals from OH radicals, under various operating conditions, are predicted well by the mechanism. It is found that the dominant
pathway for the surface dissociation of methane changes with operating conditions from oxygen-assisted prior to ignition to pyrolytic at high
temperatures and for fuel-rich mixtures. A coupling between the carbon and hydrogen subsets of the reaction mechanism is identified through
analysis of the hydroxyl mole fraction at high temperatures. Overall, this surface reaction mechanism overcomes many limitations of previous
work and is capable of capturing the physics of methane oxidation on platinum over a wide range of operating conditions.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The complete and partial oxidation of methane over noble
metal catalysts has received much attention because methane
is the main constituent of natural gas, which is an abun-
dant and cheap feedstock. Natural gas can be used for en-
ergy production, chemical synthesis, and hydrogen produc-
tion for fuel cell applications. Energy production may be ac-
complished homogeneously or catalytically. The latter is an
efficient energy production process with relatively low pollu-
tant emissions [1,2] compared to the former. However, com-
mercialization of catalytic combustion has been hindered by
a lack of fundamental understanding of the underlying mi-
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croprocesses. In addition, direct partial oxidation of methane
over platinum and rhodium catalysts in short-contact-time
monoliths presents a promising alternative to steam reform-
ing for the production of synthesis gas, an important inter-
mediate in chemical synthesis [3–5]. Production of synthesis
gas from methane with Ni catalysts in a fluidized bed reactor
at elevated temperatures and pressures has also been demon-
strated [6]. Recent reviews on partial oxidation are given in
[5,7,8].

Earlier modeling of methane oxidation on platinum used
one-step or simplified chemistry models to describe the
surface reactions [9,10]. Due to a change in the rate-
limiting step with temperature and/or composition in most
catalytic oxidation systems [11], detailed surface reaction
mechanisms for methane oxidation are essential to capture
the underlying physics and develop predictive models for
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reactor design. Towards this goal, several surface reaction
mechanisms for methane oxidation on platinum have been
proposed in the literature [12–17]. These mechanisms use
many kinetic parameters obtained from independent surface
science experiments. The rest of the kinetic parameters have
been tuned to fit either ignition in stagnation geometry
[12,15] or the conversion and selectivities of fuel-rich
mixtures [13,14]. The mechanism of [16] gives reasonable
predictions for bifurcation and selectivity, whereas that
of [17] was developed for ethane oxidation on platinum.
Although significant advances in our understanding has been
achieved from these mechanisms, they generally have some
inherent drawbacks that preclude their use as comprehensive
mechanisms capable of predicting all experimental data.
These limitations have been elaborated on in [16,18,19].

In brief, we have found that these mechanisms are in-
capable of simultaneously predicting ignition temperature
and syngas selectivity data. In addition, the predicted ex-
tinction temperatures are often lower than the ignition tem-
peratures, in contrast to experimental data. Furthermore, it
is difficult to maintain thermodynamic consistency in ener-
getics of large surface reaction mechanisms and to account
for adsorbate–adsorbate interactions in the activation ener-
gies of all surface reactions (which is necessary in order to
maintain thermodynamic consistency in energetics). Finally,
none of these mechanisms considers a comprehensive set of
elementary reaction paths on the surface. The implications
of these limitations for reactor design and scaleup are signif-
icant. For example, the premature ignition predicted in [16]
using the Hickman and Schmidt mechanism results in poor
prediction of hot spots and diminishes the chance for con-
tribution of gas-phase reactions, which can be important at
high pressures. This indicates the need for a surface reac-
tion mechanism with elementary-like reactions, which can
help to extrapolate models to conditions for which no exper-
imental data are available and to handle multiple paths for
selectivity and pollutants prediction.

We have recently proposed a multistep methodology for
the construction of thermodynamically consistent, detailed
surface reaction mechanisms, with coverage-dependent ki-
netic parameters. The mechanisms were mathematically op-
timized against multiple sets of experimental data. Success-
ful application of this methodology to both hydrogen and
carbon monoxide oxidation on Pt was demonstrated, and
the mechanisms were extensively validated through com-
parison of predictions against additional (redundant) experi-
ments over a wide range of operating conditions [18–20]. In
this paper we apply elements of this methodology to develop
a C1 reaction mechanism for methane oxidation over Pt,
which overcomes several limitations of earlier mechanisms
and is applicable over a wide range of operating conditions.
The emphasis of this paper is on the development of a reac-
tion mechanism rather than sophisticated reactor scale mod-
els, and therefore, we choose to analyze experiments where
simpler transport is adequate or to draw only semiquantita-
tive comparisons with experiments whose transport models

are complicated. The proposed mechanism can be consid-
ered an initial screening one, with rigorous mathematical op-
timization of some of the parameters illustrated at the end of
the paper.

2. Overview of experimental data

Several experiments on methane oxidation have been
conducted that are valuable in mechanism development or
reactor design for a variety of reasons. A necessary first step
in either complete or partial oxidation is catalyst ignition.
Furthermore, ignition, extinction, and autothermal tempera-
tures delimit reactor operation regimes [21]. Thus, it is im-
portant to be able to model and understand these bifurcation
characteristics of methane in order to operate both combus-
tion and partial oxidation processes safely and efficiently.
Upon ignition, the conversion of methane, the selectivity
to various partial oxidation products, the energy efficiency,
and pollutant emissions are important optimization targets
for chemical synthesis and complete combustion. In partic-
ular, as the new process of syngas production from the di-
rect partial oxidation of fuel-rich methane/oxygen mixtures
is explored, models to capture the experimental trends, in-
cluding fuel conversion and product selectivity, are vital.
Similar information is essential for catalytic combustion as
well. Prediction of OH radical concentration at high temper-
atures is important to understand the coupling between gas
and surface-phase chemistries, the latter being important in
selectivities and reactor safety. Furthermore, we have found
in earlier work on surface reaction mechanism development
that species concentrations are very sensitive to surface reac-
tions, and not merely to adsorption steps. In particular, pre-
dicting the experimentally measured OH radical concentra-
tion has been crucial to the optimization of the H2/O2 mech-
anism [18,19]. Below, we present selected experimental data
that are used either for mechanism development (targeted ex-
periments) or validation (redundant experiments).

2.1. Bifurcation characteristics

Figure 1 compiles experimentally measured ignition tem-
peratures of methane versus a normalized inlet composition,
from different groups [22–24]. The experiments of [22,24]
have been performed using a Pt foil, with 94% nitrogen-
diluted methane–oxygen mixtures and methane–air mix-
tures, respectively. Griffin and Pfefferle, on the other hand,
have used a platinum wire, with 25% nitrogen dilution of the
total reactant flow [23]. Experiments conducted in our lab-
oratory are also indicated in this figure, for a 94% nitrogen
dilution case and mixtures of methane in air [25].

The ignition temperature is seen to decrease with increas-
ing inlet methane composition; i.e., the fuel has a promoting
influence on ignition. It is interesting to note that although
different dilution levels, flow rates, and reactor geometries
have been used in these experiments, ignition temperatures
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Fig. 1. Ignition temperature as a function of the inlet fuel/oxygen ratio.
Experimental data are shown in symbols and model predictions in lines. The
inlet compositions corresponding to the stoichiometric one for complete and
partial oxidation are indicated by arrows. Ignition temperature is insensitive
to dilution, catalyst form, and flow rate over a range of conditions.
The model predictions are in good agreement with the experiments. The
simulations have been performed using a strain rate of 5 s−1, a convective
heat loss factor from the back of the catalyst surface of 10−4 cal/cm2/s,
and a radiative surface emissivity of 0.15 at a pressure of 1 atm and an inlet
temperature of 25◦C.

at a fixed relative methane/oxygen ratio do not vary much.
We have previously suggested that such an insensitivity of
ignition temperature on dilution and reactor geometry indi-
cates that ignition is primarily governed by the kinetics of the
oxidation process rather than, for example, reaction exother-
micity [26], which is the classical mechanism for reactor
multiplicity. This behavior is in contrast to homogeneous ig-
nition of methane, where dilution and thermal effects play an
important role [27,28]. Such behavior indicates that adsorp-
tion of reactants has to be competitive, in agreement with
previous sensitivity analysis [12]. We propose that straight-
forward experiments of varying dilution can delineate the
mechanism inducing ignition, i.e., thermal feedback versus
competitive adsorption of reactants. Since it is not clear from
the literature experimental data whether the terminal point
(a cusp point in bifurcation theory) of the fuel-lean side was
determined by the differences in the experimental setup and
operating conditions, we have conducted CH4/air and di-
luted CH4/O2 experiments in our stagnation flow reactor,
described in detail in [29]. We have found that indeed the
cusp point shifts to higher CH4 compositions with increasing
dilution, whereas the ignition temperature does not strongly
depend on dilution. We attribute this shift of the cusp point to
extinction, which we have previously found to be thermally
controlled.

Even though many studies have focused on catalytic ig-
nition, complete bifurcation diagrams are scarce. The sym-

Fig. 2. Experimental ignition (open symbols), extinction (filled symbols),
and autothermal (crosses) temperatures and model predictions (lines) as a
function of the inlet fuel composition in air. The extinction temperature
is higher than the ignition one in all cases but it is quite sensitive to
the experimental setup. A maximum in extinction temperature around the
stoichiometric is observed. Overall, good agreement between experiments
and predictions is found. The conditions for the simulations are the same as
in Fig. 1.

bols in Fig. 2 show the ignition, extinction, and autother-
mal points from the experiments of [24,30] and earlier work
in our group [25] for methane–air mixtures. The extinction
temperature is always higher than the ignition one. Further-
more, the extinction temperatures on the fuel-lean side are
higher than the ones on the fuel-rich side. No autothermal
behavior has been observed in our foil experiments as com-
pared to “pseudo-transient” autotherms seen before [30].
Some differences between the different groups, especially
at the fuel-lean limit of ignition/extinction behavior, are ob-
served. In contrast to ignition, discussed above, extinction
temperatures are sensitive to the experimental setup and op-
erating conditions. This behavior is expected as extinction
is strongly affected by heat effects. We believe that the di-
minished heat losses from a monolith compared to a foil are
mainly responsible for the presence of autothermal operation
in the short contact time reactors such those of [3].

2.2. Conversion of methane and selectivity to various
products

The economically viable conversion of natural gas to syn-
gas and liquid fuels is a long-studied problem. A break-
through in this direction is the introduction of short-contact-
time microreactors for syngas production, giving high meth-
ane conversion and syngas selectivity. For example, in
monolithic reactors of alumina coated with Pt, operated at
millisecond contact times [3,4], conversion of methane in
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Fig. 3. Experimental data ([31]; symbols) and predicted (lines) for methane
conversion and syngas selectivity as a function of inlet fuel composition
(top) and temperature (bottom). The experiments have been conducted
in a fluidized bed and the simulations using a catalytic CSTR, with an
area-to-volume ratio of 1.5 × 104 cm−1 and a residence time of 0.18 s.
The methane conversion decreases, whereas the selectivities to CO and H2
increase with increasing inlet fuel composition. At a fixed inlet composition
of 29.5% CH4 in air, an increase in the operating temperature enhances
conversion and selectivities (bottom). Overall, the agreement between
experiments and predictions is reasonable, except for an underprediction
of the CO selectivity at lower temperatures.

excess of 60%, with CO and H2 selectivities greater than 80
and 50%, respectively, were measured. In a fluidized bed re-
actor (with Pt-coated Al2O3 beads) with a contact time of
0.1–0.5 s, selectivities and conversions were measured as
functions of both operating temperature and inlet CH4/air
composition [31]. These results are shown in Fig. 3.

Similar information is needed under fuel-lean conditions
for catalytic combustion studies, but such data had until re-

Fig. 4. Methane conversion (top) and selectivity to CO (bottom) as a
function of surface temperature. Experimental data of [33], with 3.78%
CH4, 8.83% O2, and the rest N2 (open symbols), and this work at
6% CH4/air (diamonds), and model predictions in lines. The methane
conversion is low up to 800 K. A discontinuity in the methane conversion
is observed at∼ 1600 K, indicative of gas-phase reaction ignition. Good
agreement between experiments and model predictions is observed.

cently been available for a packed bed only [32]. Measure-
ments of conversion of methane and selectivity to CO us-
ing a Pt foil in a stagnation flow configuration have recently
been carried out [33]. These experimental data are indicated
in Fig. 4. For inlet methane compositions (at fixed nitrogen
dilution) from 1.26 to 3.78%, the experiments showed a lack
of dependence of methane conversion on inlet composition,
up to high temperatures (1800 K). Data obtained in our lab-
oratory, depicted also in the same figure, at an inlet methane
composition of 6% in air, show lower conversions than those
of Dupont et al. There are slight differences in inlet flow ve-
locity (Dupont et al. used 8 cm/s vs 2.5 cm/s of ours) and
size of catalyst foil (1.3× 1.3 cm2 vs 2× 1 cm2 of ours) in
these two experiments, which could be part of the reason for
the differences in methane conversion.
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Fig. 5. Experimental data (from [38]) of surface temperature and OH
concentration versus input power for 3.25% inlet CH4/air (panel a) and
4.5% inlet CH4/air (panel b). Hysteresis in surface temperature and a
maximum in the OH concentration versus power are observed, at 4.5%
CH4/air.

2.3. Laser-induced fluorescence

Earlier laser-induced fluorescence (LIF) measurements of
OH concentration have been performed at fuel-lean methane
conditions at subatmospheric pressures [34] in a flat, hori-
zontal Pt plate configuration. Modeling of such experiments
is possible and has been attempted previously [35]. While
this type of data are quite useful for surface mechanism de-
velopment, their inherent two-dimensional nature requires
complex transport models with careful evaluation of the
boundary layer approximation [36,37] and potential use of
elliptic formulation of the governing equations that fall be-
yond the scope of this investigation.

In a recent paper Schmidt and co-workers have per-
formed experiments using Pt, Pt–Rh, and Ni gauzes, with
fuel-lean methane/air mixtures, up to high temperatures
(1800 K) [38]. Measurement of the temperature and the
hydroxyl radical concentration using LIF near the gauze
and over the spatial domain from the gauze to the fuel in-
let (along the centerline of the fuel injection nozzle), were

Fig. 6. Model predictions of the surface temperature and the OH mole
fraction versus input power supplied to the surface for 3.25% inlet CH4/air
(panel a) and 4.5% inlet CH4/air (panel b). For very lean mixtures, the
temperature and OH mole fraction increase monotonically with the input
power supplied. For richer mixtures, double hysteresis is observed at
∼ 800 K and∼ 1500 K. The corresponding OH mole fraction exhibits
a maximum. The inset in panel a shows the OH mole fraction profiles at
varying inlet fuel compositions and a fixed surface temperature of 1400 K.
A maximum in the OH mole fraction at∼ 0.04 cm from the catalyst surface
is observed in all cases. Good qualitative agreement with experiments
shown in Fig. 5 may be seen. The simulations have been performed using a
strain rate of 50 s−1 at a pressure of 1 atm and an inlet temperature of 25◦C.

reported and are shown in Fig. 5. Corresponding model
predictions, which will be discussed below, are shown in
Fig. 6.

3. Development of a detailed C1 surface reaction
mechanism

In brief, the steps in our methodology for detailed surface
reaction mechanism development are as follows (for more
details see [18]). First, a comprehensive set of elementary re-
action steps are considered, based on surface science knowl-
edge about the reaction and analogy to gas-phase reaction
mechanisms, where considerable progress has been made
for many important systems. Second, recourse to theory (for
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example, the semiempirical unity bond index-quadratic ex-
ponential potential (UBI-QEP), known also as the bond-
order conservation (BOC) method of [39]), density func-
tional theory (DFT), or experiments (microcalorimetry) has
to be made to determine heats of chemisorption for all the
species that are presumed to be present on the surface, as a
function of surface coverage. Using this information as an
input, UBI-QEP makes possible the computation of thermo-
dynamically consistent, coverage-dependentactivation ener-
gies and heats for all the proposed reactions, through an-
alytical equations. Third, transition state theory, literature
experiments, or information from previously derived sub-
mechanisms is used to determine estimates of preexponen-
tials and sticking coefficients of various surface reactions.
Here, we have used the surface reaction steps of the H2/O2
submechanism from our earlier work [18] as an initial set.
Transition state theory [40] is used for initial estimates of
preexponentials (e.g., 1013 s−1 for desorption steps and
1011 s−1 for Langmuir–Hinshelwood type bimolecular reac-
tions). The UBI-QEP formalism and preexponential factors
are employed as a satellite to various reactor-scale codes in
order to compute surface coverages, reaction rates, gaseous
concentrations, and reaction energetics as the surface cov-
erages change on the fly in a simulation. Feature identifica-
tion using sensitivity, reaction path, and principal component
analyses may then be used to determine the important (often
termed as active parameters) preexponentials/sticking coef-
ficients for each set of targeted experiments. Next, a mathe-
matically rigorous optimization may be performed in order
to determine the optimum values of these important preexpo-
nentials. Finally, using this optimized mechanism, compar-
isons with additional experimental data at other conditions
have to be performed as a means of validation of the opti-
mized mechanism.

Finally, we should remark about the complexity of mod-
eling chemistry on realistic catalysts, such as supported or
polycrystalline ones, given input data on single crystals (of-
ten on Pt(111) or Pt(100)). For many reactions, the low-
index crystallographic planes are the most relevant in terms
of overall reactivity. However, in real systems multiple sites
exist (this is also true even for single crystals given the pres-
ence of defects), and thus, the parameters measured or pre-
dicted may be considered as some kind of ensemble average
of the same elementary step on multiple sites. In that regard,
the reported parameters do not actually reflect a single ele-
mentary step in the same manner as for gas-phase reactions.
For this reason we prefer to input heats of chemisorption into
UBI-QEP from realistic catalysts whenever possible. The
thermodynamic consistency in our surface reaction mech-
anism is related to energetics, i.e., heats of adsorptions and
activation energies. We prefer to refine crude estimates of
preexponentials to account for the inherent uncertainty asso-
ciated with multiple sites on the actual catalyst, and there-
fore, our preexponential factors represent again some kind
of average of entropic contribution without an attempt to en-
sure thermodynamic consistency at the free energy level.

3.1. Reaction steps in methane oxidation on Pt

We lay down the elementary steps for methane oxidation
on Pt based on the gas-phase methane oxidation mechanism
and information from surface science experiments. In partic-
ular, the GRI 1.2 mechanism [41], which has been validated
for many conditions, has first been used to deduce most re-
action steps. In addition, considerable work has already been
devoted to the modeling of related surface reaction systems,
such as methanol synthesis from methane [42], methanol ox-
idation [43], CO2 reforming of methane [44], and Fischer–
Tropsch synthesis [45], to name a few. A fairly extensive set
of methane reactions has been given in [42,46], where com-
parison of activation energies for surface reactions on var-
ious metallic catalysts has been provided, along with com-
parisons with experimental data whenever available.

For the purpose of presentation the reactions of methane
oxidation are divided into the following classes:

(1) Adsorption and desorption of reactants, CH4 and O2, of
the main products, CO, CO2, H2, H2O, of intermediate
species including H, O, OH, HO2, H2O2, CH3, CH2,
CH, C, and of various oxygenated and C2 species.

(2) Pyrolytic hydrogen abstraction from CHx species.
(3) Oxygen-assisted and hydroxyl-assisted hydrogen ab-

straction from CHx species.
(4) Reactions of O and H to form OH, HO2, H2O, and

H2O2, and their interconversions (the H2/O2 subset).
(5) Reactions for formation of CO and CO2 from various

carbon and oxygen moieties on the surface.
(6) Formation and interconversions of oxygenated and C2

species.
(7) Reactions of oxygenated and C2 species to form prod-

ucts CO and CO2.

In our current analysis, we leave the oxygenated and C2
pathways (classes 6 and 7) out because of inadequate knowl-
edge about heats of adsorptions and the absence of signif-
icant amounts of C2 species at ignition and short-contact-
time chemical synthesis conditions (which constitute our
main targeted experiments). So here we have chosen to put
together only a C1 mechanism. Initial calculations includ-
ing the HO2 and H2O2 pathways for the H2/O2 subset have
revealed that the presence of these species in the surface re-
action mechanism has slight influence on the predictions of
LIF measured OH mole fractions up to considerably high
temperatures. Therefore, for the sake of simplicity these
species have also been left out.

3.2. Calculation of reaction energetics

An important constituent of our methodology is the in-
put to the UBI-QEP formulation, i.e., the heats of adsorption
of surface species tabulated in Table 1. It is worth noting
that these numbers can be obtained for various Pt crystal sur-
faces from a variety of sources ranging from experiments, to
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Table 1
Heat of chemisorption data

Species Heat of adsorption(kcal/mol) Reference

H 60.2a [64]
54.3 [43]

O 92.6a [64]
C 150a [64]
CH 97a [45]
CH2 68a [45]
CH3 38a [45]
CH4 6a [45]
OH 60 [47]

52.7 [43]
63a [19]

H2O 10a [45]
10.6 [43]

CO 34a [45]
44.2 [43]

All the numbers are for Pt(111) except for OH where data are for
polycrystalline Pt. Note that [47,64] report numbers calculated using UBI-
QEP method, [43] reports DFT calculated numbers, and [64] reports
experimental numbers.

a Indicates the numbers that have been used in this paper.

semiempirical theoretical calculations, to density functional
theory (DFT) computations. In particular, the atomic heats
of chemisorption for H, O, and C are obtained from exper-
iments [45] or DFT calculations [43] on Pt(111) surfaces.
The molecular heats of chemisorption are obtained using
UBI-QEP calculations [42,45,47], using DFT calculations
[43] (all on Pt(111)), and as an average of experimental val-
ues for polycrystalline Pt (e.g., the OH heat of chemisorp-
tion [19]). Finally, we must mention here that the heats of
adsorption and coverage dependencies chosen here for the
H2/O2 submechanism are identical to those in our earlier
papers [18,19]. For the rest of the species, the values chosen
here are indicated in Table 1.

For the C1 species considered here, there has been
some direct/indirect experimental measurement of heats of
adsorptions (see [18,19,46] for comparison of experiments
and calculations), which are the most crucial input to
UBI-QEP in calculating reaction energetics. For example,
considerable work on the heat of adsorption of OH on
Pt [47], along with its dependence on the surface coverage
of oxygen enabled the construction of a reliable H2/O2
mechanism on Pt [19], which is valid over a wide range of
operating conditions.

Adsorbate–adsorbate interactions strongly affect reaction
energetics [19] and it is desirable to include them. Within the
BOC framework, the surface coverage effect may be con-
sidered for all surface reactions (activation energies are in
fact a nonlinear function of surface coverage) and not just
for desorption steps as has traditionally been considered. To
achieve this, adsorbate–adsorbate interactions should be in-
cluded for all pairs of species; here, we prefer to include
the known interactions and consider other pairs in future
work. The adsorbate-adsorbate interactions chosen in our
study are H–H of 6 kcal/mol, O–O of 32 kcal/mol, OH–O

of 33 kcal/mol, and CO–CO of 15 kcal/mol (see our earlier
papers [19,20] for discussion of these numbers). OH forms
H-bonds on Pt surfaces and this effect is also taken into con-
sideration in our BOC calculations in terms of attractive in-
teractions. Using these numbers as input, indicated in Ta-
ble 1, the UBI-QEP equations could be applied to determine
the activation energies of the various reaction steps. The
calculated numbers for two cases of vacancy and oxygen-
dominated situations are shown in Table 2. These two cases
are considered only as illustrating the important role of cov-
erage effects and hold approximately after ignition and prior
to ignition, respectively. However, given the pairs of inter-
actions above, the activation energies can very significantly
from the ones shown in Table 2, depending on the specific
values of coverages.

3.2.1. Pyrolytic vs oxygen-assisted paths
Most previous mechanisms have assumed that methane

decomposes in a single step, i.e., CH4 + 5∗ → C∗ + 4H∗.
Obviously, this step cannot be elementary. UBI-QEP indi-
cates that the oxygen-assisted path for methane decompo-
sition has lower activation energies than the pyrolytic path
for Pt, Rh, but not Ni (see [44] and Tables 2 and 3). This im-
plies that, especially under conditions of higher oxygen cov-
erage on the surface (i.e., moderate temperatures, oxygen-
rich, and slightly reactive situations prior to ignition), the
oxygen-assisted methane dissociation may be dominant over
pyrolytic steps for Pt and Rh. Here we discuss this issue in
more detail.

Au and Wang [48] have conducted a series of experi-
ments on Rh/SiO2 catalysts. Reduced and oxidized Rh cat-
alysts have been compared in pulse and continuous flow
experiments, with both CH4 and CH4/O2 inputs to the
system. They have found that with an oxidized catalyst,
in the first pulse, the conversion of methane was higher
than on a reduced one, especially at the lower temperatures
(600 ◦C). These experiments indicated that methane dis-
sociation could occur through both pyrolytic and oxygen-
assisted paths on Rh. In contrast, in related studies over Ni,
the methane conversion decreased when an oxidized catalyst
was used [49,50], as compared to a reduced one. This indi-
cates that on Ni, the oxygen-assisted path may not make a
significant contribution to methane dissociation; i.e., the py-
rolytic path is always the dominant one.

We have recently conducted transient experiments using
a Pt-foil in stagnation flow, (see Fig. 7, taken from [25]). The
foil was resistively heated to a high temperature (> 1000 K)
in flows of various gas mixtures. In each experiment, the
flow velocity and the power provided to the Pt foil were
kept constant. The conditions are those reported in previous
experiments [29]. A control run with inert N2 indicated
no variation of the temperature with time. When a small
fraction of CH4 was added to the inlet, a decrease in the
foil temperature was seen due to the decomposition of CH4
to form high emissivity carbon on the surface that in turn
increases heat losses from the foil through radiation. Next, a
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Table 2
Surface reaction mechanism for oxidation of methane on polycrystalline Pt

No. Reaction kf Ef Ef kb Eb Eb

θ∗ = 1 θO∗ = 1 θ∗ = 1 θO∗ = 1

1 OH∗ + ∗ ↔ H∗ + O∗ 5.60× 1011 24.4 18.3 1.70× 1010 12.1 13.4

2 H2O∗ + ∗ ↔ H∗ + OH∗ 1.20× 1010 18.4 39.1 3.50× 1011 12.4 0.0

3 H2O∗ + O∗ ↔ 2OH∗ 1.00× 1011 12.6 34.1 1.00× 1011 18.9 0.0

4 H2 + 2∗ ↔ 2H∗ 0.25 0.0 0.0 1.00× 1013 20.0 20.0

0.09c 3.33×1012 c

5 O2 + 2∗ ↔ 2O∗ 0.03a 0.0 0.0 1.00×1013 a 51.0 19.0

6 H2O+ ∗ ↔ H2O∗ 0.70 0.0 0.0 1.00× 1013 10.0 10.0

1.00c 5.33×1012 c

7 OH+ ∗ ↔ OH∗ 1.00 0.0 0.0 1.00× 1013 63.0 30.0

8 H+ ∗ ↔ H∗ 1.00 0.0 0.0 1.00× 1013 60.2 60.2

9 O+ ∗ ↔ O∗ 1.00 0.0 0.0 1.00× 1013 92.6 67.0

10 CH4 + 2∗ ↔ CH3
∗ + H∗ 1.00a,b 12.0 12.0 1.00× 1011 5.5 5.5

0.68c 3.97×1010 c

11 CH3
∗ + ∗ ↔ CH2

∗ + H∗ 5.00×1012 b 25.8 25.8 1.00× 1011 6.1 6.1

1.32×1013 c 4.04×1010 c

12 CH2
∗ + ∗ ↔ CH∗ + H∗ 1.00× 1011 25.0 25.0 1.00× 1011 12.2 12.2

13 CH∗ + ∗ ↔ C∗ + H∗ 1.00× 1011 5.4 5.4 1.00× 1011 37.6 37.6

14 CH3
∗ + O∗ ↔ CH2

∗ + OH∗ 1.00× 1011 20.2 17.7 1.00× 1011 12.5 3.1

15 CH∗ + OH∗ ↔ CH2
∗ + O∗ 1.00× 1011 19.3 13.2 1.00× 1011 19.9 20.5

16 C∗ + OH∗ ↔ CH∗ + O∗ 1.00× 1011 45.9 38.2 1.00× 1011 1.5 1.5

17 CH2
∗ + H2O∗ ↔ CH3

∗ + OH∗ 1.00× 1011 5.1 19.5 1.00× 1011 18.6 0.0

18 CH∗ + H2O∗ ↔ CH2
∗ + OH∗ 1.00× 1011 13.2 26.7 1.00× 1011 19.5 0.0

19 C∗ + H2O∗ ↔ CH∗ + OH∗ 1.00× 1011 38.1 70.9 1.00× 1011 0.1 0.0

20 CO∗ + ∗ ↔ C∗ + O∗ 1.00× 1011 53.0 74.2 1.00× 1011 4.3 0.0

21 CO2
∗ + ∗ ↔ CO∗ + O∗ 1.00× 1011 21.2 43.1 1.00× 1011 3.6 0.0

22 CO+ ∗ ↔ CO∗ 1.00 0.0 0.0 1.00× 1013 34.0 34.0

0.71c 1.21×1013 c

23 CO2 + ∗ ↔ CO2
∗ 1.00 0.0 0.0 1.00× 1013 17.0 17.0

0.70c 1.46×1012 c

24 CO2
∗ + H∗ ↔ CO∗ + OH∗ 1.00× 1011 13.6 38.2 1.00× 1011 8.4 0.0

25 CO∗ + H∗ ↔ CH∗ + O∗ 1.00× 1011 80.5 106.0 1.00× 1011 0.0 0.0

26 CO∗ + H∗ ↔ C∗ + OH∗ 1.00× 1011 40.3 69.2 1.00× 1011 4.0 0.0

27 CH3 + ∗ ↔ CH3
∗ 1.00 0.0 0.0 1.00× 1013 38.0 38.0

28 CH2 + ∗ ↔ CH2
∗ 1.00 0.0 0.0 1.00× 1013 68.0 68.0

29 CH+ ∗ ↔ CH∗ 1.00 0.0 0.0 1.00× 1013 97.0 97.0

30 C+ ∗ ↔ C∗ 1.00 0.0 0.0 1.00× 1013 150.0 150.0

31 2CO∗ ↔ C∗ + CO2
∗ 1.00× 1011 31.0 31.0 1.00× 1011 0.0 0.0

2.40×1012 c 4.17×1009 c

The activation energies are in kcal/mol, calculated at vacancy and oxygen dominated conditions. Preexponential values for each reaction in the first row of
a reaction correspond to the screening mechanism whereas those in the second row (when one exists) are for the rigorously optimized parameters using the
fluidized bed data (see relevant section).

a Screening mechanism with approximately optimized parameters to predict ignition and extinction temperatures as inlet methane composition is varied.
b Screening mechanism with approximately optimized parameters to predict methane conversion and syngas selectivity as temperature is varied.
c Rigorously optimized parameters to predict methane conversion and syngas selectivity as temperature is varied.
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Table 3
Comparison of activation energies in kcal/mol of methane dissociation
paths on Pt, Rh, and Ni

Pt Rh Ni

(1) CH3
∗ + ∗ = CH2

∗ + H∗ 25.8 This work
24.4 23.9 23.2 [46]
25.7 23.9 [42]

(2) CH3
∗ + O∗ = CH2

∗ + OH∗ 20.2 This work
17.9 21.1 25.1 [46]
15.3 22.1 [42]

(3) CH2
∗ + ∗ = CH∗ + H∗ 25.0 This work

24.4 23.9 23.2 [46]
24.3 23.2 [42]

(4) CH2
∗ + O∗ = CH∗ + OH∗ 19.9 This work

16.5 20.9 25.1 [46]
16.5 25.3 [42]

(5) CH∗ + ∗ = C∗ + H∗ 5.4 This work
5.4 4.9 4.5 [46]
5.0 4.5 [42]

(6) CH∗ + O∗ = C∗ + OH∗ 1.5 This work
0.0 2.6 7.3 [46]
0.0 9.6 [42]

mixture of CH4, O2, and diluent N2 was flowed in. A sharper
drop in temperature was observed compared to experiments
without O2 addition. In fact, further increase in the O2/CH4
ratio led to an even bigger temperature drop. Despite these
mixtures being dilute and fuel-rich (CH4/(CH4 + O2) >

0.8, the complete combustion, being exothermic, should
have led to a further increase of surface temperature. The
unexpected results of Fig 7 tacitly indicate the enhancement
of CH4 decomposition due to the presence of O2. This
behavior is in qualitative agreement with the energetics,
suggesting that CH4 decomposition is faster in the presence
of oxygen.

Au et al. calculated, using BOC and DFT, that when sur-
face oxygen is on top of metal sites, it promotes methane
dehydrogenation [51]. In contrast, oxygen at hollow metal
sites does not promote dehydrogenation. It has been specu-
lated that this occurs because hydrogen binds more strongly
to surface oxygen (on top) than with the bare metal.

From the above results, there is evidence for the influ-
ence of oxygen on the dissociation of methane on the cat-
alyst surface. Overall, theoretical calculations and some of
the experiments point toward an enhancement of methane
dissociation in the presence of oxygen, at moderate to high
temperatures.

3.3. Energetics of the hydrogen-abstraction steps

The activation energies for the dehydrogenation of vari-
ous adsorbed hydrocarbon species on Pt have recently been
compiled [52]. These numbers have been found to be pro-
portional to the C–H bond dissociation energy, being higher
for sp2-hybridized carbon species than forsp3-hybridized
ones. For methane dissociation, an activation energy of

Fig. 7. Measured Pt foil temperature as a function of time for different
reactant mixtures. A pressure of 1 atm, a flow velocity of 2.5 cm/s, and
25 amps input current are used. Addition of a small amount of oxygen in
the feed facilitates carbon formation on the surface, which in turn leads to
a reduction in the foil temperature, indicative of a possible reaction path
involving oxygen-assisted methane dissociation on the Pt surface. The lines
are just a guide to the eye.

18.4 kcal/mol has been observed in molecular beam experi-
ments [53]

CH4
∗ → CH3

∗ + H∗
.

Our input heats of adsorption would yield a calculated value
of 18 kcal/mol for this reaction, in good agreement with
above. However, we do not explicitly include this reaction
in our reaction scheme, using instead CH4 → CH3

∗ + H∗
(direct dissociative adsorption of methane to methyl and
hydrogen on the surface).

Temperature-programmed reaction has also been used to
investigate the hydrogenation of methyl radicals on Pt(111)
at UHV conditions using methyl bromide and hydrogen [54].
First, the TPD spectrum from methane adsorption has been
used to derive an activation energy of 5 kcal/mol for

CH4
∗ → CH4(gas).

We use 6 kcal/mol for this reaction as an input to our mech-
anism although we do not explicitly include this reaction
(the heats of adsorptions of all species that participate in the
surface mechanism are needed as an input to UBI-QEP, al-
though we may further assume that species such as H2

∗ and
CH4

∗ are too prone to dissociate on the surface, and may
hence be left out of the surface-species set).

Second, methyl radical hydrogenation has been studied
by simultaneous exposure to methyl bromide and hydrogen
(with excess hydrogen). Through isotope-labeling studies
and analysis of angular distributions of desorbed methane,
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it has been confirmed that the rate constant derived can be
assumed to be, for the elementary reaction of hydrogenation
of CH3

∗ to CH4,

CH3
∗ + H∗ → CH4(gas).

An activation energy of 8.8 kcal/mol has been derived
for this reaction that is close (within the accuracy of the
UBI-QEP method) to the 5.5 kcal/mol obtained in our
calculations (Table 2).

4. A screening methane surface reaction mechanism

Using the mechanism listed in Table 2, predictions of
experimental data may be obtained. Furthermore, improve-
ments in the agreement of the model calculations with the
experiments may be achieved through an optimization of the
important prefactors, i.e., preexponentials and sticking coef-
ficients. In this paper, we do a minimal amount of adjustment
of the prefactors, choosing to leave the mechanism at the
initial values whenever possible, as long as good agreement
with a large set of experiments is obtained. The experiments
used to optimize the mechanism against are the catalyst ig-
nition (over the whole composition regime) and extinction
(in the fuel-rich regime) temperatures of methane/air mix-
ture over a foil vs inlet composition and the conversion of
methane and selectivity to syngas vs temperature at 29.5%
inlet CH4–air in a fluidized bed reactor. The former type of
experiment is crucial for start-up of all processes and safety
considerations. The latter type of data is important in eco-
nomics of partial oxidation or pollution abatement in com-
plete combustion. The adjusted pre-exponentials/sticking
coefficients are indicated in Table 2. A rigorous optimiza-
tion of the preexponentials is touched upon at the end of the
paper, with the mechanism obtained here meant to serve as
a starting point for future work on mechanism optimization.

In terms of the modeling approach, the mean field
assumption (spatially uniform distribution of adsorbates) is
considered in all reactor models here as it is typically done
in the literature. However, the BOC framework can also be
impeded into Monte Carlo or multiscale reactor simulations
[55]. The necessity to model the surface at the microscopic
level (e.g., by using kinetic Monte Carlo simulations) under
realistic conditions has been addressed in [56,57], where
it was found that mean-field models are excellent for
developing screening mechanisms. In this paper we mainly
focus on modeling of a stagnation flow reactor and a
continuous stirred tank reactor (CSTR). Instead of applying
any simplifying assumptions, such as partial equilibrium
or a quasi-steady-state hypothesis, the complete surface
reaction mechanism is numerically solved in each case
(microkinetics approach [40]). Details about the stagnation
flow governing equations can be found in [26]. Modeling
of an isothermal CSTR [58] simply involves steady state
algebraic mass balance equations for the gas phase as well

as the surface species, which are solved using Newton’s
method.

Figure 2 shows the prediction of ignition and extinction
temperatures obtained using the stagnation-point flow reac-
tor model (lines) [26], with our surface reaction mechanism
coupled with detailed gas-phase chemistry (GRI 1.2 [41]).
The ignition and extinction temperatures and the fuel-lean
and fuel-rich composition limits of multiple steady states
are fairly well predicted. The autothermal, i.e., self-sustained
oxidation, compositional regime is overpredicted compared
to the experimental data. A possible reason for this could be
the presence of carbon on the catalyst surface at these con-
ditions, which leads to high radiant efficiency. Simulations
with higher heat losses have revealed that the autothermal
regime vanishes completely. The catalyst surface is covered
by O∗ prior to the catalyst ignition, since oxygen can ad-
sorb faster on Pt than methane. At ignition, O∗ starts coming
off the surface, freeing up sites for adsorption of methane,
which are necessary for surface reactions. This feature has
also been observed using other methane oxidation mecha-
nisms, e.g., [12]. The competitive adsorption of methane and
oxygen on the catalyst sites [12,15] is believed to drive ig-
nition of these systems. The promotion effect of the fuel on
ignition temperature (i.e., the fall in the ignition temperature
with an increase in the fraction of fuel in the inlet) is also at-
tributable to the competitive adsorption of methane and oxy-
gen adsorption on Pt.

Figure 3b shows the predicted methane conversion and
selectivity to syngas for 29.5% (fuel-rich) CH4/air com-
pared to fluidized bed experimental data [31]. Experimen-
tally measured temperatures have been input into the model.
We have chosen a CSTR-reactor model, with an area to vol-
ume ratio of 1.5 × 104 cm−1 and a typical residence time
of 0.18 s (note that this varies slightly in experiments with
operating conditions), to simulate these experiments. Based
on the high conversions and low superficial velocity in these
fluidized bed experiments [31], the ideal stirred tank may
be a reasonable starting model (see [59] for a comparison
between fluidized bed data and ideal stirred tank predictions
for fuel conversion vs superficial velocity and [60] for a sim-
ilar model in partial oxidation of methane on Ni/Al2O3),
but the assumption is worth of further investigation. Finally,
the Weisz criterion has been applied to this system. Assum-
ing that the adsorption of methane is rate-determining, it has
been found that internal mass transport limitations may be
ignored in this case.

Good agreement between the experiments and the simu-
lations is seen, despite the ideality of the reactor-scale model
chosen here. Some discrepancies (for example, the drop in
CO selectivity at lower temperatures) indicate the potential
for improving the reactor-scale model and/or the surface re-
action mechanism. We consider this topic below. It will be
shown in a later section that this set of data is more influ-
enced by the surface chemistry than the ignition data.
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5. Validation of the screening surface reaction
mechanism

In this section, we validate the new surface reaction
mechanism with additional experiments to ensure that gross
features are correctly predicted. Some of these comparisons
are semiquantitative in nature, since specifics of reactor
geometry and transport phenomena need to be carefully
taken into account for quantitative comparison to each
experiment. This will be the subject of a forthcoming
publication. No adjustment of the preexponentials/sticking
coefficients is resorted to in this section.

5.1. Ignition temperatures of diluted methane/oxygen
mixtures

The effect of dilution on the ignition temperatures is
important to study to delineate thermal versus kinetic effects
(see discussion above in section on experimental data). In
order to compare with foil experiments, we have performed
simulations here, using the stagnation-point flow geometry
code [26] and the screening surface reaction mechanism of
Table 2 for 94% N2-dilution, at various inlet CH4/O2 ratios.
The parameters of the simulations are given in the caption.
Figure 1 summarizes predictions of ignition temperatures
for such nitrogen-diluted methane–oxygen mixtures. Good
agreement with the ignition temperatures from various
groups is found. The lack of significant dependence of the
ignition temperature on dilution (at a fixed CH4/(CH4 +
O2) ratio), which is in agreement with experimental data,
indicates the predominance of surface kinetic effects on
catalytic ignition.

5.2. Dependence of methane conversion and selectivity to
syngas on inlet composition for fuel-rich mixtures

In the previous section, we have examined the predictions
of methane conversion and syngas selectivity at a fixed
inlet methane composition, as a function of temperature.
The effect of inlet fuel composition is important both for
validation of the mechanism and for potential optimization
with respect to operating conditions. We have again chosen
to compare with fluidized bed data [31], using the same
model as above.

Figure 3 (top) shows experimental data and model predic-
tions of methane conversion and syngas selectivity versus in-
let methane composition. The reactor temperature has been
fixed at the corresponding measured outlet temperature, for
these predictions. Good agreement of predictions with ex-
periments is observed in this case as well. Experiments con-
ducted in monoliths [3] could be simulated using more so-
phisticated, two-dimensional reactor scale models coupled
with this surface reaction mechanism. Such detailed two-
dimensional CFD calculations are slowly emerging [17,36,
37,61] and could be used for parameter optimization, start-
ing from the screening mechanism proposed here.

5.3. Bifurcation characteristics and LIF–OH concentration
for fuel-lean methane/air mixtures

In recent modeling studies, a homogeneous one-dimen-
sional axial reactor with convection and diffusion has been
used and found to give good agreement with experiments
over Ni catalyst [38]. However, it has been concluded that in
the case of Pt-gauzes, proper inclusion of surface chemistry
is essential to predict experimental trends [38]. Next, we
compare our predictions of bifurcation and OH mole frac-
tions at fuel-lean conditions with their experimental data for
Pt gauzes [38] summarized in Fig 5. The stagnation-point
geometry code is again utilized in combination with detailed
gas-phase chemistry and the surface reaction mechanism of
this work. These comparisons are meant to be merely quali-
tative in this case.

Figure 6 shows one-parameter continuation curves, with
the surface temperature and surface OH mole fraction as
a function of the inlet power supplied to the surface, at
two different fuel-lean inlet methane compositions. The
simulations’ parameters are given in the caption. In the
case of the 3.25% CH4/air mixture, no turning points
(ignition and extinction) are found. The OH mole fraction
next to the surface monotonically increases as the input
power is raised, consistent with data depicted in Fig. 5a.
On the other hand, when the inlet methane composition is
increased to 4.5%, both catalytic (lower temperature) and
homogeneous (higher temperature) ignition and extinction
are seen. The catalytic ignition temperature is in good
agreement with experimental data [38]. A maximum in the
OH mole fraction as a function of the input power to the
surface is also in agreement with experimental data shown
in Fig 5. The inset in Fig. 6 shows the OH mole fraction
profiles obtained in our simulations, at various inlet methane
compositions and for a surface temperature of 1400 K. Both
features, the maximum in the OH mole fraction slightly
away from the surface and the increase in OH mole fraction
throughout the boundary layer with increasing inlet methane
composition, are consistent with experimental observations.
Better quantitative comparison between experiments and
simulations (e.g., regarding the thickness of the OH mole
fraction boundary layer) could probably be achieved by
choosing a more appropriate reactor-scale model for the
gauze experiments. Since the overall experimental features
are well captured, we leave this for future work. It appears
that for both compositions a noticeable fraction of OH
near the surface is observed only upon ignition of the gas-
phase chemistry. This observation indicates that under the
conditions of our study, Pt serves as a sink rather than
a source of OH radicals upon gas-phase ignition.

5.4. Methane conversion and selectivity to CO for fuel-lean
methane/air mixtures

The fuel conversion and CO selectivity data from Pt foil
reactors [33] are examined in this section. These experi-
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ments span a large regime of surface temperatures (400–
1650 K) and are important indicators of issues such as cat-
alytic reactivity, homogeneous ignition temperature, and the
coupling between homogeneous and catalytic chemistries.
We have performed simulations using the stagnation-point
flow geometry code and the surface reaction mechanism of
this article. The conversion of methane is calculated follow-
ing the modeling work of Dupont et al., fixing an expan-
sion factorK value in order that simulations agree with ex-
periments at∼ 1200 K (see [33] for more discussion). The
K factor of 0.07 suggested by Dupont et al. led to good
agreement with our experiments but to underprediction of
the data by Dupont et al. A factor ofK = 0.14 has been
used for the latter. Both simulations are indicated with lines
in Fig. 4. The experimental homogeneous ignition tempera-
ture (seen as a jump in the methane conversion at∼ 1600 K)
is also well captured in our simulations. A comparison be-
tween the predicted CO selectivity and the experimental data
of Dupont et al. was also performed, and reasonable agree-
ment was obtained, as shown in bottom of Fig. 4.

6. Sensitivity and reaction path analyses

The predictions of the surface reaction mechanism devel-
oped here may further be analyzed in order to determine
the controlling reactions in each case. This is achieved by
a combination of reaction path and sensitivity analyses. The
former involves the determination of the main reactions par-
ticipating in the formation and destruction of the different
surface species, whereas the latter entails the calculation of
the change in a predicted quantity when a specific preexpo-
nential is reduced by 10%.

6.1. Bifurcation features in a stagnation reactor

Catalytic ignition of methane has been modeled exten-
sively in the past (see [12,15,62,63]). Sensitivity analysis re-
sults obtained here for ignition temperatures at 10 and 80%
inlet methane/air are shown in Fig. 8. These results are con-
sistent with previously published results. In summary, over
the whole range of inlet compositions, ignition temperature
is mainly governed by the adsorption of methane and oxygen
and the desorption of O∗. A very small dependence on the
oxygen-assisted decomposition of methyl is also observed.

Next, reaction path analysis is performed for the 10% in-
let methane case prior to ignition (∼ 800 K) and extinction
(∼ 1000 K) (see Fig. 9). The corresponding surface cover-
ages at these conditions are also indicated. While the paths
for formation of CO∗ (from the oxidation of C∗ and CH∗
by O∗) and CO2

∗ (from the oxidation of CO∗ by O∗) re-
main the same at these two conditions, the paths for the
dissociation of methane to carbon on the surface are differ-
ent. At ignition, the oxygen and hydroxyl-assisted pathways
for methane decomposition to methyl dominate over the
pyrolytic one, whereas under extinction conditions, where

Fig. 8. Sensitivity analysis obtained for ignition temperatures at 10 and 80%
inlet CH4–air for 10% reduction in reaction prefactors (preexponentials
or sticking coefficients). The normalized sensitivity coefficient is defined
as the ratio of the relative change in ignition temperature and the relative
change in prefactors. The reaction numbers correspond to the ones in
Table 2. Adsorption of methane and oxygen and desorption of O∗ control
ignition temperatures.

higher temperatures and lower O∗ coverage occur, the py-
rolytic pathway takes over.

We believe that this behavior is caused by the change
in activation energies of the oxygen-assisted steps with in-
crease in O∗ coverage (see section above on Methane Dis-
sociation Steps), the competition for O* by different paths
in the mechanism, and the change in temperature. For exam-
ple, if we assumed that all the O∗ on the surface at these two
conditions were available for the dissociation of methane
to methyl, we would obtain a rate of pyrolytic methane
dissociation about half that of the oxygen-assisted rate at
800 K. This is consistent with the reaction path analysis
(RPA) shown in top of Fig. 9. However, at 1000 K the rate
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Fig. 9. Reaction path analysis for a 10% CH4/air mixture, close to ignition (top) and extinction (bottom). Large surface coverages of various species are also
indicated. The surface species are represented in boxes. Arrows to and from the box indicate paths producing and consuming the species, respectively. In the
text next to the arrows, Si indicates theith surface reaction (from Table 2), X∗ indicates additional surface species involved in the reaction, and Y% indicates
the percentage contribution of the particular reaction to the net production/consumption rate of the involved species. Close to ignition, oxygen-assisted paths
are dominant in the dissociation of methane, whereas close to extinction, the pyrolytic path for dissociation of methyl to methylene becomes important.

of pyrolytic dissociation would be about 1.5 times that of
the oxygen-assisted step, which is also consistent with the
RPA shown in bottom of Fig. 9. Furthermore, some effects
are attributable to the fact that O∗ is preferentially consumed
in other parts of the mechanism at these temperature condi-
tions. In particular, the dissociation of CH2

∗ to CH∗ prefers
the oxygen-assisted path more at 1000 K than at 800 K.

Finally, reaction path analysis for fuel-lean mixtures at
high temperatures has revealed that OH∗ formation occurs
both directly from oxidation of H∗ on the surface and from
the oxidation of various hydrocarbons. This points toward
a coupling of the C/O and H/O chemistries on the catalyst
surface. LIF measurements of OH (such as the ones shown
in a previous section) do therefore form relevant data sets

for optimization/validation of methane catalytic oxidation
mechanisms.

6.2. Methane conversion and syngas selectivity

Figure 10 shows the sensitivity analysis for methane
conversion and syngas selectivity in CSTR simulations at
29.5% inlet methane/air at a surface temperature of 1123 K,
whereas Fig. 11 shows the sensitivity analysis for methane
conversion, performed for stagnation reactor simulations at
6% inlet methane/air at a surface temperature of 1400 K.

In the former case, a very strong dependence on methane
adsorption is observed. At these temperatures, the surface
reactions are sufficiently fast that they do not significantly
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Fig. 10. Sensitivity analysis for methane conversion and CO and H2
selectivities, at 29.5% CH4/air and 1123 K in CSTR simulations. For each
reaction number, the lower bar is for the forward reaction and the higher one
for the backward reaction. The normalized sensitivity coefficient is defined
as in Fig. 8. For these fuel-rich mixtures at moderate temperatures, apart
from the adsorption of CH4, CO, and H2, the pyrolytic methane dissociation
steps affect conversion and selectivity.

affect the conversion of methane. Thus, a proper description
of methane adsorption is crucial for accurate prediction of
methane conversion (see predictions in the previous section,
in Fig. 3).

For the fuel-rich mixtures, sensitivity analysis (Fig. 10)
reveals that the methane conversion is affected by methane
adsorption, pyrolytic methane dissociation paths, H2 adsorp-
tion, and to a less extent by CO adsorption. The selectiv-
ity to CO is strongly dependent on CO and CO2 adsorp-
tion/desorption steps, methane adsorption and decomposi-
tion, and the oxidation of CO∗ to CO2

∗ by OH∗. The se-
lectivity to H2 on the other hand is affected by H2 adsorp-
tion/desorption, methane adsorption and decomposition, and
the formation of H2O from H and OH. Some interesting
facts to note are that apart from the adsorption/desorption
steps, the pyrolytic paths of methane decomposition, and
certain surface reactions of CO∗ and H∗ are important for
the prediction of syngas selectivities, and to a less extent
for methane conversion. This demonstrates that these exper-
imental results are a good target for optimization of the new
surface reaction mechanism.

Further analysis of a fuel-lean mixture (5%) at 1123 K
in CSTR simulations (results not shown) has revealed that
methane conversion (which is∼ 1.0 at those conditions) is
insensitive to all the reaction steps. The selectivity to CO
depends on O2, CO, and CO2 adsorption/desorption steps,
and the oxidation of CO∗ to CO2

∗. Similarly, the selectivity

Fig. 11. Sensitivity analysis for methane conversion at 6% CH4/air and
1400 K in stagnation reactor flow simulations. The normalized sensitivity
coefficient is defined as in Fig. 8. At these elevated temperatures for
fuel-lean mixtures, adsorption of methane is the most important step.

to H2 depends on O2, H2, and H2O adsorption/desorption
steps, and the reaction steps for formation of H2O. Thus,
the difference between fuel-lean and fuel-rich mixtures as
far as the selectivities to CO and H2 are concerned, when
the temperature (and the reactor model) are the same, is that
the former depend on the adsorption/desorption of oxygen
whereas the latter depend on the adsorption/desorption of
methane.

Reaction path analysis for the 29.5% inlet methane case
(CSTR simulations) reveals the importance of the pyrolytic
path for the hydrogen abstraction from methyl. Complex
interconversions of CO and CO2 (through oxidation of CO∗
to CO2

∗ by O∗ and reduction of CO2∗ to CO∗ by C∗) are
also seen.

7. Towards an optimized mechanism

Given that the predictions of the fluidized bed data are
not very good (especially the effect of temperature on CO
selectivity shown in bottom of Fig. 3), here we explore
whether this is a result of lack of rigorous optimization of
the methane surface reaction mechanism. To achieve this, we
employ the solution mapping methodology outlined in [18]
within a new iterative approach (to be discussed in detail
elsewhere [65]), where polynomials get refined after each
optimization iteration. The CH4 conversion, CO selectivity,
and H2 selectivity data in the fluidized bed reactor serve
as the targeted experiments. We optimize preexponential
factors only, keeping activation energies unchanged due to
higher confidence in DFT and BOC calculations.

In the local sensitivity analysis, it is found that the
methane conversion is primarily affected by methane ad-
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Fig. 12. Rigorous optimization of parameters using the screening mecha-
nism of Table 2 and the fluidized bed reactor data on methane conversion
and syngas selectivity as targeted experiments [31]. An iterative optimiza-
tion approach enables to predict these experimental data reasonably well.
The optimized parameters are also listed in Table 2.

sorption and desorption as well as H2 adsorption and des-
orption, and the CO selectivity depends primarily on CO ad-
sorption and desorption as well as CO2 adsorption and des-
orption, whereas H2 selectivity is primarily sensitive to H2
adsorption and desorption as well as H2O adsorption and
desorption steps. Polynomials are developed in each itera-
tion for all three types of data as a function of these sen-
sitive parameters, and finally the distance between experi-
mental data and the polynomial predictions was minimized
using simulated annealing. Fig. 12 shows the performance
of the optimized mechanism. The CH4 conversion and CO
selectivity predictions are highly improved, whereas the H2
selectivity predictions are improved only in the low temper-
ature regime. The rigorously optimized parameters are pre-
sented in Table 2. It is seen that the performance of the mech-
anism can be improved with minimal adjustment of para-
meters. Future work should analyze simultaneously data for
methane, hydrogen, carbon monoxide, and their mixtures in
order to build the foundations for a fully optimized natural-
gas-to-syngas reaction mechanism.

8. Conclusions

A comprehensive C1 mechanism for the oxidation of
methane over Pt has been developed. Various surface paths
for methane decomposition, including the pyrolytic and
oxygen- and hydroxyl-assisted ones, have been employed.
Thermodynamic consistency in energetics has been ensured
by computing the reaction activation energies and heats as
functions of the heats of adsorption of the species involved

in the reaction mechanism, using the UBI-QEP framework.
The initial preexponentials and sticking coefficient values
were based on transition state theory (order of magnitude
estimates) and the H2/O2 subset developed previously.

A host of experimental data for methane oxidation on Pt
have been obtained from various literature sources and aug-
mented by experiments conducted in our laboratory. Predic-
tions of ignition and extinction temperatures at varying inlet
compositions, LIF OH mole fraction profiles, and methane
conversion and selectivity to CO and H2 at different inlet
compositions and catalyst temperatures have been obtained
using the new surface reaction mechanism coupled with de-
tailed gas-phase chemistry and various reactor scale mod-
els. While the experiments have been conducted on poly-
crystalline Pt (foil reactor data) or supported catalyst struc-
tures (fluidized bed data), the input to our methodology was
mostly from work on Pt(111) (a dominant crystal face of Pt).
Despite this “materials gap,” reasonable agreement is ob-
served over the range of conditions studied.

Reaction path and sensitivity analyses have then been
conducted in order to determine the important reaction path-
ways at different conditions. The pyrolytic pathway for
methane decomposition is seen to dominate under low-
oxygen, high-temperature conditions, whereas the oxygen/
hydroxyl-assisted pathways for methane decomposition pre-
vail at preignition (low-temperature) conditions. A coupling
between the carbon and hydrogen subsets of the mechanism
has been found in predicting the OH mole fraction. Dif-
ferences between fuel-lean and fuel-rich mixtures with re-
spect to controlling reactions have been identified. The over-
all good performance of the mechanism in predicting a wide
variety of experimental data demonstrates the potential of
the proposed approach. Preliminary work on rigorous opti-
mization of reaction steps shows the feasibility of optimiz-
ing large surface reaction mechanisms needed in large fuel
conversion to syngas or hydrogen.
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