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Complex Surface Reactions: Application to H Oxidation over Platinum
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A new methodology is presented for calculating parameters of complex surface reaction mechanisms. This
approach takes into consideration adsorbattsorbate interactions along with their influence on the activation
energies of surface reactions as a function of operating conditions. It combines an extension of the unity
bond index-quadratic exponential potential theory, reactor scale modeling, important feature identification,
and model validation. The Hoxidation over platinum has been chosen as a model system to test this
methodology. Comparison with a variety of available experimental data in the literature, such as catalytic
ignition temperature, laser-induced fluorescence OH desorption measurements, catalytic autotherms, and species
profiles, shows that the proposed surface mechanism is capable of quantitatively capturing all the important
features of the published experiments. Our approach offers the potential of quantitative modeling of catalytic
reactors exhibiting complex surface reaction processes under realistic operating conditions.

Introduction (higher temperatures, pressures, and polycrystalline surfaces with
different adsorbate coverages) poses a major difficulty. Cur-
rently, there is no systematic method to account for the effect
of adsorbate-adsorbate interactions on reaction pathways that
is appropriate for continuum reactor scales. While the major
reaction pathways of Hoxidation over platinum have been
studied, for more chemically complex fuels of practical interest
such as methane (and higher alkanes), many of the reactions
steps are poorly understood. In the latter case, the major
difficulty is kinetic parameter estimation for many reactions
without any guidance from reliable experimental data. Success-
Tl modeling of catalytic oxidation reactors demands a funda-
mental understanding of the aforementioned issues.

Here, we apply the foundations of the unity bond index
guadratic exponential potential (UBI-QEP) or bond order
conservation (BOC) theory of Shustorovich, Bell, Sellers, and
co-workers® to develop a quantitative surface reaction mech-

9 - . anism for the H oxidation on polycrystalline platinum. We have
spectroscopy (MBRS)second harmonic generation (SHG), extended the UBI-QEP theory to account for the effect of surface

catalytic ignition temperaturé$f and catalytic autotherrbsave . . . ;
been employed. Despite the accumulated knowledge about thiscoverage on the energetics of surface reactions by incorporating

system, several issues still remain unclear. For example, for theadsorbate heats of chemisorption as a continuous function of
key reaction OH*+ H* — H,0* (where * denotes an adsorbed surface coverage (see also below). The resulting surface reaction

. . e - mechanism is coupled to reactor scale models and refined and
species) on platinum, Ljungstroet al. reports an activation lidated . id i . | d h
energy of 0 kcal/mot? Fridell et al. of 5.8 kcal/mot2 Williams validated against a wide range of experimental data, such as
et al. of 15 keal /mo’f‘z and Antoﬁ and Cado ar; of 16 keal/ catalytic ignition, catalytic autotherms, reactant conversion, and

1 . . ~~adog ; LIF OH measurements, through a computational approach
mol.! This apparent discrepancy in activation energies for the

same reaction can be attributed in part to different experimental discussed next.

conditions, such as temperature, pressure, and fuel-to-oxidanicompytational Approach

ratio. Currently, none of the published mechanisms addresses ) ) ) o

this point. The detailed reaction mechanism for the oxidation efisd
Most surface science experiments are conducted under lowoutlined in Table 1. The reaction mechanism assumes that

or well characterized adsorbate coverages on single crystals an@@s€ous band Q cEemlsor*b dissociatively on ihe platinum

the role of adsorbate coverage in surface reaction pathways issurface_producmg H*and O .*The oxidation of H* begins with

known only for limited conditions. As a result, extrapolating the addition of O* to form OH*. Subsequently 8™ can form

reaction paths and parameters to conditions of practical interest€ither by the reaction H* OH* — H,0* or 20H* —~ H,0*
+ O*. Desorption steps of ¥D* and the intermediates H*, O*,

*To whom correspondence should be addressed. E-mail: viachos@ and OH* are _also considered_. In all, there are nine_ reversible
ecs.umass.edu. surface reactions. An Arrhenius type dependence is assumed

With the rapid advance in available computational power over
the past decade, the ability to simulate reactors with a high level
of complexity has become feasible. One example of a maturing
field utilizing sophisticated modeling is catalytic combustion.
It turns out that one of the major challenges in developing
predictive models for catalytic combustion is the construction
of reliable reaction mechanisms. While the homogeneous
chemistry of various light fuels such as hydrogen and meth-
ané#2211js relatively well-known, large uncertainties exist in
the parameters and even the reaction paths of surface reactio
mechanisms.

The oxidation of H over platinum is one of the most
extensively studied systems and will be the focus of this paper.
An array of different experimental techniques and data, such
as laser-induced fluorescence (LM)}2:20.13 temperature-
programmed reaction (TPRY, molecular beam relaxation
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TABLE 1: Catalytic H , Oxidation Mechanism on Platinun? inhomogeneities are expected for a working catalyst, we have
iia  activation energy chosen an intermediat® (H,) value of 0.5 for the model.
&[ﬁ;egrp;’t?cﬁ(?n'ga (kcal/mol) For the associative desorption of H*, there are some differ-

reaction coeffiecient 6*=1 O4=1 6o=1 ences in the reported experimental data. On one hand, Christ-

(1f) Hp+ 2% — 2H* 0.50 00 00 00 mann et aP. report an activation energy of desorption-09.5

(1b) 2H*— Hy + 2* 1.0 x 1012 20.0 140 20.0 kcal/mol from a clean Pt(111) surface through temperature-

(2f) O +2* —20* 0.03 0.0 0.0 0.0 programmed desorption (TPD) experiments. They have also

gg) E'?’_’:(’)?f 02;* e i-g x igi %(1) 5;-3 ig-g observed two desorption peaks and interpreted their data by a

(3b) OH*+* —H* +0* 1.0 i 101 244 259 184 lateral H*—H* repulsive energy of-2 kcal/mol. Norton et ak¢

(4) H* + OH* — HO* +* 1.0 x 10% 12.4 93 0.0 on the other hand, have used deuterium nuclear microanalysis

(4b) HO* +* — H* + OH* 1.0 x 101 184 202 391 and reported an activation energy of desorption on a clean

(5f) 20H*—H,O* +O* 1.0 10% 189 189 00 Pt(111) surface of~16 kcal/mol, with a repulsive HxH*

ngb)) g'f_? JS (;HEOH %;85 10 1%'8 1(2)'_8 33:3 interaction energy of-8 kcal/mol at 0.7 monolayer. Researchers

(6b) OH*— OH + * 5.0 x 104 63.0 630 300 have attributed these differences to the structural differences of

(7f) H20 +* — H,0* 0.70 0.0 0.0 0.0 the platinum surface, with an increase in the binding energy of

(7b) HO0* — HO +* 1.0 x 10'3 100 10.0 100 H* with increasing structural imperfectiofd/alues as high as

ggg) |:| 1 N f: i-gox 108 68-2 52-2 6%2 25 kcal/mol for the activation energy of desorption of H* from

(©f) O+*—o0* 1.00 0.0 0.0 0.0 a platinum wire have been report&d.Taking the above

(9f) O*—O+* 1.0 x 1013 926 926 67.0 information into consideration, we have defined the activation

) ) . energy of desorption of H* as
aFor each reaction, the reaction pre-exponential as well as the model- ay P

computed activation energies are shown. For the activation energies, _ _
three limiting cases of the surface coverages are shown, a clean surface E, (kcal/mol)=20.0— 6.00,;. ©)

(6* =1), an H* covered surfacef = 1), and an O* covered surface ) )
(6o = 1). Only pre-exponentials which differ from ¥0s and 103 We should remark here about thermodynamic consistency

s! have been optimized. of surface reaction mechanisms. In the past, while researchers
have used such a functional dependence of the activation energy
of desorption on surface coverage, these expressions were not
_ = necessarily used in reactor models in a thermodynamically
k=Aexp(-E/RT) (1) consistent manner. Since the details of the kinetics may not
always be included in a reaction mechanism (e.g., multiple
the ideal gas constant, afdis the temperature. different paths for adsorption such as molecular, dissociative,
Since our goal is to construct a surface reaction mechanismPercursor mediated, etc.), we have used experimental data about
for predictive modeling at typical reactor conditions, we have the adsorption/desorption steps instead of using the UBI-QEP

chosen polycrystalline platinum as our catalyst. However, when formalism. As a result, thg difference in the activation energies
the desired experimental information for polycrystalline platinum ©f the adsorption/desorption steps (eqs5} may not exactly

is not available in the literature, we have used data available '€flect the heats of reactions which should be the case for
for Pt(111) as discussed below. elementary reactions. Therefore, to ensure that our computed

Our overall approach starts with estimations of the heats of heats of reactions are thermodynamically consistent, the heats

chemisorption of surface species. We subsequently use the ypof all surface reactions are referenced against their analogous

QEP framework to compute the energetics of surface reactions9aS-Phase reaction.
on the fly of a continuation simulation, i.e., as a parameter (e.g., Adsorption-Desorption of OxygenThe parameters of the

surface temperature or composition) is systematically varied dissociative adsorption and associative desorption oh&ve

using initially assigned pre-exponentials. Finally, the initially /SO been inferred from experimental data available in the

assigned pre-exponentials are refined through model identifica-itérature, which indicate that the adsorption is nonactivated (at

tion techniques discussed below. This procedure is outlined next./€ast for low coveragess0.25) with the sticking coefficient
Coverage-Dependent Adsorptior-Desorption Parameters. decreasing quadratically with increasing O* coverag€.The

We first summarize experimental information on adsorption ~ Chemisorption of @can therefore be expressed as

desorption steps, which will subsequently be used to determine L2

heats of chemisorption and energetics of surface reactions. S0O,) =S(0y)0 (4)
Adsorptior-Desorption of HydrogenThe available experi- o .

mental data on Pt(111) indicate that the adsorption process isS€veral values for the sticking coefficient of, @n a clean

nonactivate8lwith the sticking probability decreasing linearly ~P(111) surfaces’(Op), have been reported in the literature,

with increasing H* coverag® The chemisorption of His ranging from ~0.02° to ~0.05! On the basis of these
therefore expressed as experimental findings, we have chosen an intermediate value

for all reaction rate constants

whereA is the preexponentiak, is the activation energyR is

of 0.03.
SH,) = S°(H,)o* @) For the desorption, the activation energy on Pt(111) is found
to be~51 kcal/mol on a clean platinum surface, decreasing by
with S the coverage-dependent sticking coefficieBt, the ~8 kcal/mol for 0.25 monolayer O* coveradé\Ve recognize

sticking coefficient on a clean surface, afitithe fraction of that in many surface science experiments the saturation O*
the vacant surface sites. The actual valueSifH,) depends coverage attained with Ohas been 0.25. However, these
strongly on the type of platinum surface. For example, Somorjai experiments have typically been conducted at low pressures,
reportsS’(H,) < 0.001 for defect-free Pt(111), 0.01 for Pt(111), which are unlikely for realistic process. A study of high O*
and ~0.9 for stepped Pt(332%. Higher values ofS’(H,) are coverage on Pt(111) using NGnstead of Q indicates that
therefore attributed to the surface roughness, steps, and defectsoverages of up t6o ~0.8 can be achieved.TPD shows that

of the platinum surface. Since some surface roughness andwhile the interaction between G*O* can be complex, there is
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a net repulsive interaction of32 kcal/mol at highto.28 We
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species involved in the reaction. In other words, within the

have therefore taken a simple linear relationship for the repulsive context of the UBI-QEP theory, the specific details of the

O*—0O* interactions, with the activation energy of desorption
expressed as

®)

Adsorptior-Desorption of HydroxylThe molecular adsorp-

E, (kcal/mol)=51.0— 32.00,..

adsorbate-to-metal interactions are represented by the heat of
chemisorption, which is an experimentally measurable quantity.
The concept of the heat of chemisorption influencing the surface
reaction activation energies was originally suggested by Shus-
torovich?2 and demonstrated for specific examples of adsorbate
coverages. Here, by expressing the heats of chemisorption of

tion of OH is assumed to be nonactivated with an initial sticking surface species as a continuous function of surface coverage,

coefficient of 1.0 which depends linearly on the fraction of

we have extended the UBI-QEP theory to directly calculate the

empty sites. The desorption of OH* has been studied in detail reaction activation energies under different reactor conditions,
through LIF experiments. The results indicate that the apparenti.e., take into account the effect of adsorbadelsorbate interac-

activation energy of desorption depends strongly on tH©H
ratio. For polycrystalline platinum, the apparent activation
energy ranges from as high 80 kcal/mol at high O, ratios

to as low as~30 kcal/mol at low H/O; ratios132341|t has been
speculated that, at high,HD, ratios, adsorbate coverages on
the platinum surface are very I8%and the apparent activation
energy of~60 kcal/mol represents the binding energy of OH*
on a clean platinum surface. As the/B, ratio decreases, the
surface coverage of O* increases and the limit~&0 kcal/

mol represents the binding energy of OH* in the presence of

O*. This lowering of the binding energy of OH* in the presence

of O* is speculated to be a net result of an attractive interaction

due to hydrogen bonding of OH* to O* and a repulsive
interaction between the O atom in OH* and &*We have

therefore taken the activation energy of OH* to depend on O*

coverage according to
E, (kcal/mol)= 63.0— 33.09,. (6)

Adsorption-Desorption of Waterfor the adsorption of $D,

based on Pt(111) data, we have assumed the sticking coefficien
of 0.7 and a zero activation energy, while for the desorption,
we have taken the literature reported desorption activation

energy of~10 kcal/mol and pre-exponential of #0137
Adsorptior-Desorption of Radicals H and .QVe have also

included the adsorption and the desorption steps of radicals H
and O. While not considered important at low catalyst temper-

tions on energetics.

As described previously, only three types of adsorbate
adsorbate interactions are taken into consideration in this
reaction mechanism: H* to H*, O* to O*, and OH* to O*
interactions. While other adsorbatadsorbate interactions may
exist, there is limited available reliable experimental data in the
literature. However, our approach and code can consider
complete multicomponent adsorbate interactions and a functional
form of interactions that is different from linear.

The gas-phase enthalpies of all species involved in the H
oxidation mechanism are readily available in the literature (here,
we use the CHEMKIN thermodynamic datab&geso only the
heats of chemisorption of these species are needed to compute
surface reaction energetics. The heats of chemisorption have
been computed using experimental data described by eqgs 3, 5,
and 6 and the UBI-QEP framework.

Since UBI-QEP theory provides only the energetics of
reactions, another important factor is estimation of the reaction
pre-exponentials. For chemisorption, the approximate (initial)

yalues of sticking coefficients have been taken from literature

reported values, as discussed above. For all other pre-exponen-
tials, we have initially assumed a value of*1671 for surface
reactions and 18 s! for desorption (typical values from
transition state theory) and refined them through comparison
with various experimental data as discussed below.

Reactor Models, Feature ldentification, and Parameter

atures, very small concentrations of H and O radicals are known Refinement. At high pressures, the resulting surface reaction
to be important in promoting or triggering the homogeneous mechanism is coupled with the stagnation flow model of Bui

ignition of Hy.17 Desorption of H* and O* could be important

et al2 Briefly, this continuum model converts the coupled two-

at high-temperature reactor operation, such as during Cata|yst_dimensional governing equations for the stagnation point flow

assisted homogeneous combusfidiowever, since limited

into a one-dimensional problem using a similarity transforma-

information is available from the literature for these steps, we tion.* The transformed steady-state equations for species, energy,
have assumed the adsorption to be nonactivated with a sticking®nd Stream function are discretized along the axial centerline
coefficient of 1.0 and expressed the desorption activation energyUsSing a finite difference method, with the resulting set of

as the heat of chemisorption.
Coverage-Dependent Energetics and Pre-exponentials of
Surface Reactions.For the rest of the surface reactions, the

algebraic equations being solved using Newton’s technique.
Steady-state solutions are obtained through a robust dynamically
adaptive multiple-weight arclength continuation algorithm,

activation energies are computed using the UBI-QEP theory of C@Pable of passing around turning poifit&or the low-pressure
Shustorovich. The details of the theory as well as its application 8XPeriments considered below, a constant pressure reactor is

are available in the literaturi®:34 Briefly, UBI-QEP describes

simulated, i.e., only the surface species equations are solved.

the energetics of the interaction of an adsorbate and a transiton The CHEMKIN formalism is used to calculate gaseous
metal atom with a potential that depends quadratically on the multicomponent transport properties, equilibrium constants of
bond order. In this case, a Morse potential is used. Only nearestgas-phase reactions, and the thermodynamic properties of
neighbor interactions between an adsorbate and the transitiorreacting mixtured®° For the homogeneous ,Hoxidation
metal atoms are considered, with the total energy of the systemchemistry, the 20 reversible reactions/9 species reaction mech-
represented as the sum of pairwise additive Morse interactions.anism of Miller and Bowmatt3is used.

Energetics of surface reactions are computed through a con-

For “important” feature identification, sensitivity analysis is

strained optimization of the energy along the reaction coordinate, applied6-38Within the context of this paper, important features

represented in terms of the bond order of the systefhe

include the slope of catalytic ignition temperature as a function

resulting activation energies of the surface reactions can of fuel composition and qualitative trends of the LIF OH signal
conveniently be expressed only in terms of the heats of intensities (e.g., the tail and maximum) as a function of
chemisorption and the gas-phase enthalpy of formation of the temperature and fuel composition. In these cases, sensitivity
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TABLE 2: Comparison of Model-Calculated Activation 1. Our calculations indicate that, for some reactions, varying
Energies with Various Experimental Data surface coverage can have a remarkable influence on the
activation energy (kcal/mol) activation energies. For example, the formation of OH* via
this work, _exptl reaction 5b is predicted to exhibit an activation energy of 12.6
reaction 0*=1 value references kcal/mol on a vacant surface and 34.1 kcal/mol at high O*
(3) H* + Of — OH* + * 121 =13  Antonand Cadogan coverages. This information provides interesting insight into the
13.8  Eisert and R6s8 behavior of the catalyst surface under different reactor operation
25 Wiliams et at? conditions (for possible windows of operation, see ref 27). For
(8b) OH*+* —H* + O 24.4 5529 \’j‘vr.‘ltl.on a“dtci"doga” example, prior to reactor startup or catalytic ignition, H* is the
(4f) H* +OH* —H,O* +* 124 1642 Ar']té?,";ﬁ gédogan dominant surface species, and so, we expect the activation
16 Eisert and Rdse energy for OH* formation via reaction 5b to be relatively high.
15 Williams et al. Upon catalytic ignition, two different scenarios can oc&ur.
(4b) HO*+*—H"+OH* 184 25  AntonandCadogan  ynder fuel-lean conditions (the exact fuel-to-oxidant ratio is
37 Williams et al.
(5 20H*— H,0* + O* 189 18+3 Antonand Cadogan gas-pha}se transport dependéngéip excess of @leads to a
18 Eisert and Rdse predominantly O* covered surface. On the other hand, for fuel-
(5b) H,O* + O* — 20H* 126 10 Anton and Cadogan rich conditions, although Hs in excess, the low binding energy
31 Williams et al. of H* will actually lead to relatively easy desorption of H* and

the surface can be vacancy dominated. Such dramatic changes
in reaction pathway energetics with different reactor operation
conditions can be one explanation for the considerable discrep-
ancy between experimentally estimated activation energies. For
example, while the actual surface coverages are not known for

analysis is used to identify a reaction or a combination of

reactions which have the largest impact on the feature of interest.
Then, the pre-exponentials of the “important” reactions are

refined through comparison of the model predictions to the

experimental data (see below). Aside from the pre-exponentials, ; - .
th(f expressions for( the heats z)f chemisorption i)discu:fsed above he experiments of W|II|ar_ns et Eﬂz their COf.“P“te.d s_urface

of surface species can also be refined by the same approach_overages (based on their kinetic mechanism) indicate that,

" . Y
An important advantage of our approach is that the number of imr(iﬁlr fc:me tccr)i:dltiogé, f glghTCi\i/r?reig? ?rf]to |sns%eri (;' ugh as
surface species (i.e., the degrees of freedom in optimizing the orinietreactants o ). Taking this into consideration,

heats of chemisorption) is typically much smaller than the we see that our prediction of 34.1 kcal/mol for reaction 5b at

. . ) ) o
number of surface reactions for these reaction systems. For thehlgh O* coverages is reasonable when compared with Williams

H./O, system, we prefer to estimate them from experiments et al.’s value of 31 kcal/mol.

rather than to optimize them (see adsorptidesorption steps). One subtle point to mention is that the surface temperature
can also influence the computed activation energies. This is
Reaction Mechanism Performance because the computed activation energies depend on the gas-

phase enthalpy of formation of the species involved in the
reaction, which is temperature dependent. The values shown in
Table 1 were computed for room temperature, and variances of
up to~1.5 kcal/mol are seen at 1200 K.

Refinement of Reaction Pre-exponentialsAs discussed
earlier, since the UBI-QEP theory only provides the energetics
of surface reactions, we have relied on comparison with
p available experimental data from the literature to refine the pre-

exponentials of reactions 1b, 4f, and 6b. Three different sets of
to some experimental data reported in the literature. The polycrystalline platinum experimental data have been used, and

comparison shows that the UBI-QEP computed values are in the details OT the experiments are d|scu.ss.ed.t.)elow.
reasonable agreement with the experimental findings. For all The experimental results of the catalytic ignition temperature
reactions, the computed activation energies are within about 20f 94% N, diluted H/O, mixtures as a function of composition
kcal/mol of the experimental data of Anton and Caddgamd are shown in Figure 1. The experimental data are from Rinemmo
Eisert and ROS&® with the exception of reaction 4b. Significant €t al** and Deutschmann et &lwho used a polycrystalline
differences are seen when predicted values and the aforemenplatinum foil in a stagnation geometry. Figure 2 shows the LIF
tioned experimentally determined parameters are compared to©H desorption data of Williams et & for fixed reactant partial
the parameters reported by Williams et&(e.g., see reaction  Pressures of 0.3 Torr of £and 0.2 Torr of HO. With O; and
3f). While some of the differences can be attributed to H20 as reactants, OH* forms from,B* dissociation and also
shortcomings of the UBI-QEP theory or experimental errors, from the recombination of the second H* ob®" with O*
the assumptions involved in extracting activation energies from resulting from Q dissociative adsorption. Finally, Figure 3
the actual data can have a more Significant |mi§émn shows the experimental LIF OH signal as a function of H
additional factor for the differences between experiments may composition at a fixed catalyst temperature of 1200 K. The
be due to different adsorbate surface coverages which are ofterxperiments were performed by Wahfistret al** under a total
unknown. For example, Anton and Cadogan report that their reactant pressure of 100 mTorr.
experiments have been performed for O* coverages less than To refine the sticking coefficients and the pre-exponentials
0.04. Williams et al., on the other hand, only report model of the surface reactions, the sensitivity of the model predictions
calculated surface coverages based on their kinetic reactionagainst “important” features from these three sets of experi-
mechanism for a limited number of cases. mental data have been analyzed. These “important” features
As an illustration of the influence of surface adsorbate include the catalytic ignition temperature and its variation with
coverages on reaction energetics, the activation energies of allfuel composition (Figure 1), the maximum in the OH desorption
reactions at three limiting surface coverages are shown in Tablerate (Figure 3), the tail of the OH desorption rate at high H

Below, we first compare energetics computed using the UBI-
QEP framework with experimental data. Subsequently, reaction
pre-exponentials are refined to derive a consistent reaction
mechanism over a wide range of experimental conditions.
Finally, model validation is carried out by comparing to an
independent set of different experiments.

Comparison of Computed and Experimental Activation
Energies. Computed activation energies using the UBI-QE
theory are compared in Table 2 (for surface cover@ige= 1)
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Hy/ (H+0y) Figure 3. Comparison of model-predicted OH partial pressure just
Figure 1. Comparison of model-predicted catalytic ignition temperature above the surface using various mechanisms ((solid line) this mecha-
using various mechanisms ((solid line) this mechanism; (dash line) nism; (dash line) mechanism from ref 42) to the experimental LIF OH
mechanism from ref 42) as a function of inlet composition with the data of Wahnstim et al.#! for a total reactant pressure of 100 mTorr
experimental data of Rinemmo et%land Deutschmann et &lfor and a surface temperature of 1200 K. The model-predicted OH partial
reactor conditions of atmospheric pressure; Ssérain rate, and 94% pressure has been scaled by the maximum to match the experimental

N2 dilution. Both the ignition temperature and the inhibition of ignition
with increasing fuel composition are well captured by the model.

data. The maximum in LIF OH signal as well as the relative insensitivity
at high H compositions is well captured by the model.
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Figure 2. Comparison of model-predicted OH partial pressure just Figure 4. Sensitivity analysis of catalytic ignition to surface reaction
above the surface using various mechanisms ((solid line) this mecha-pre-exponentials for reactor conditions of atmospheric pressuré, 5 s
nism; (dash line) mechanism from ref 42) to the experimental LIF OH  strain rate, and a reactant composition of 3% 3% O, and 94% N.
data of Williams et al*? for a reactant pressure of 0.2 Torr of® The results indicate that only the adsorption of &hd Q and the

and 0.3 Torr of @ The model-predicted OH partial pressure has been desorption of H are important for catalytic ignition temperature.
normalized at one temperature to match the experimental data scale.

The increased sensitivity in OH desorption with decreasing temperature
is well captured by the model.

0.60

ignition temperature, namely, reactions 1b, 1f, and 2f. Of these

(H, + O,) ratios (Figure 3), and the decreased sensitivity in three reactlons_, both the sticking c_oefﬁme_nts ofdand Q have
the OH desorption rate with increasing temperature (Figure 2). already bee_n fixed based on available literature _da_ta. So only
To analyze the sensitivity of these features to surface reactionthe desorption pre-exponential of H* (1b) was optimized to 1.0
parameters, sensitivity analyses have been performed. Inx 10's™%. Similar analysis indicates that, for the maximum in
particular, the response of the system to large and small OH desorption shown in Figure 3, the relative ratio oftel O,
perturbations in the sticking coefficients and the reaction pre- Sticking coefficients is important. For the LIF OH desorption
exponentials was studied numerically. tail a.t.h.lgh. H/(H2 + Og) ratios (Elgure 3) and the de.creased
Figure 4 shows one such example (using the final reaction SENsitivity in LIF. OH signal at high temperatures (Flgure 2),
rate parameters listed in Table 1), depicting the influence of Poth the desorption of OH* (6b) and the consumption of OH*
reaction pre-exponentials and sticking coefficients on catalytic Via reaction 4f were found to be important. The optimized values
ignition temperature for a 3.0% 4and 3.0% Q mixture in of the pre-exponentials are summarized in Table 1, and the
94% N, dilution. For each reaction, the pre-exponential or the corresponding model predictions are shown as the solid line in
sticking coefficient was perturbed and the corresponding changeFigures 3.
in ignition temperature was recomputed. The normalized A point of caution is that although only the pre-exponentials
sensitivity coefficient, which represents the normalized change of a handful of reactions have been optimized, this does not
in ignition temperature with respect to the normalized size of necessarily mean that the initially assigned values for the pre-
the perturbation, is plotted for different reactions (for a rigorous exponentials of other reactions are accurate. A rigorous refine-
sensitivity analysis method of bifurcation points based on linear ment of all the reaction pre-exponentials would require further
algebra, see ref 16). comparisons with different types of experimental data and/or
The sensitivity analysis results (Figure 4) on catalytic ignition reaction systems for which these parameters become important.
indicate that only three reactions are important for catalytic Furthermore, the optimized parameters also depend on the
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Figure 5. Comparison of model-predicted,tnd Q mole fraction Figure 6. Comparison of model-predicteq autotherms to the expt_eri-
profiles using various mechanisms ((solid line) this mechanism; (dash Mental data of Fernandes et¥or a stagnation reactor of atmospheric
line) mechanism from ref 42) along the length of a stagnation point Pressure, 53 strain rate, and two differentNilutions of 88% and
flow reactor to the experimental data of Ikeda et'&lfor reactor 80%. The catalytic autothermal temperatures are well captured by the
conditions of atmospheric pressure, 31 strain rate, 773 K surface ~ model at both dilutions.

temperature, and 4% Hn air inlet composition. Both the species

profiles and the boundary layer thickness are well predicted by the flow reactor at a fixed catalyst temperature of 773 K and inlet

model. conditions of 4% H in air at 302 K. All the general features of
assumed functional forms and values of the heats of chemi-the experimental results are well reproduced by the simulations,
sorption (egs 26). such as the length of the boundary layer (the spatial position at

The comparison between the experimental data and thewhich H and Q mole fractions deviate from inlet conditions)
refined surface reaction mechanism is quite reasonable. For theand the final conversion of Hand G at the catalyst surface.
catalytic ignition (Figure 1), both the ignition temperature and This success is probably not very surprising, given the fact that,
the increase in catalytic ignition temperature with increasing under these conditions, the system is mass transfer controlled.
Hz composition is well captured by the simulations. While the  One final comparison between the model and another set of
fuel-rich catalytic ignition range is slightly underpredicted by experimental data is the catalytic autotherms efdNuted Hy/
the simulations when compared to the data of Rinnemo et al., 0, mixtures of Fernandes et dlshown in Figure 6. Briefly,
it should be kept in mind that the model predicted ignitions are catalytic autothermal temperature is the catalyst temperature that
defined mathematically by a turning point (or the occurrence corresponds to self-sustained combustion (desirable operation)
of hysteresis), and this condition can sometimes be hard 10 of the fuel without any external heat provided to the system. In
distinguish from the sudden onset of reactivity (without any Figyre 6, catalytic autothermal temperatures are shown as a
hysteresis) in experiments. For the LIF OH desorption com- fynction of H/O; ratios for two different dilutions of 80% and
parison shown in Figure 2, there is good agreement betweenggos, N,. Again, reasonable agreement is seen between the model
the simulations and experimental results throughout the entire predictions and the experimental data, with the model capturing

temperature range of-1100 to 1800 K. In particular, the  poih the range of catalytic autothermal temperatures as well as
increased sensitivity in OH desorption with decreasing temper- o maximum in the autothermal temperature. The model

eLture is well captured by the mlodel. F'i1nally, Iin.Ftigure 3, both 1 derprediction of the fuel-rich flammability limit at both
t .tla maX|m|L|Jm '3. LIFd?)H 2'9”?‘ alnq the fuel-ric dehsorptlc()jnl dilutions is probably due to the high sensitivity of such points
tail are well predicted by the simulations. However, the model , peqt |gsses and catalyst aging as discussed elsehere.

;Ilghtly underpred|cts_ the _Iocat|on of the maximum. As MeN” owever, despite these differences, the model performance is
tioned above, analysis indicates that this maximum is sensitive reasonable

to the sticking coefficients of fHHand Q. More specifically, ) . .
decreasing the sticking coefficient o I8hifts the location of Comparison to Other Proposed MechanismsDespite the

the maximum to higher W(H, + O,) ratios, whereas the nume.rous.ex'perimental studies of/ &, chgmistry on platinum,
opposite trend holds for the Gticking coefficient. Although ~ there is a limited number of surface reaction mechanishi$??
the sticking coefficients of both #and Q have been fixed by All these mechanisms haye been I|m|teq in scope by a;;embhng
using reasonable experimental values, as mentioned above th&0St parameters from different experiments and refining the
sticking coefficient of H increases with increasing surface rémaining ones by comparison to only one set of experimental
roughness of platinum. On the basis of our analysis, we believe data. Therefore, it is not surprising that, even fordidation,
that the small difference in the location of the maximum seen Predictions using these mechanisms are not always good. As
in Figure 3 can be explained by assuming a more smooth surfacean example, for all the experimental data considered, we have
(and hence a lower ticking coefficient) for Wahnstro et also plotted the model predictions using the ddrface mech-
al.’s system. anism of Williams et af? (Figures 1-3, 5, and 6 in dashed
Model Validation. Since the experimental data presented in lines). The comparison shows that the mechanism performs
Figures 1-3 have been used to optimize the pre-exponentials reasonably well for some cases, but poorly for the experimental
of the surface reaction mechanism, it is important to perform LIF OH data. While the qualitative ignition trend with fuel
additional comparisons without any parameter adjustments tocomposition is well captured (Figure 1), the ignition tempera-
evaluate the performance of the surface reaction mechanismtures are overpredicted by60 K. For the LIF OH data, only
Figure 5 shows one such comparison against the experimentathe maximum in OH desorption seen in Figure 3 is well
data of Ikeda et al3 where the spatial profiles of +and Q represented, but slightly underpredicted. The species profiles
mole fraction are plotted along the length of a stagnation point (Figure 5) are well captured, mainly due to mass transfer
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limitations. However, the fuel-rich flammability limit (Figure (9) Fernandes, N. E.; Park, Y. K.; Vlachos, D. Gombust. Flame

; * i i _ 1999 118 164.
6), where the desorption of H* becomes important, is under (10) Fisher, G. B.; Gland, J. L.; Schmieg, S.JJ.Vac. Sci. Technol.

predicted. 1982 20, 518.
. (11) Frenklach, M.; Wang, H.; Goldenberg, M.; Smith, G. P.; Golden,
Conclusions D. M.; Bowman, C. T.; Hanson, R. K.; Gardiner, W. C.; Lissianski, V.

; GRI-Mech- -An Optimized Detailed Chemical Reaction Mechanism for
A new methodology has been presented for computing the Methane CombustiorGas Research Institute, 1995.

parameters of metal-catalyzed surface reactions. This methodol- " (1) Fridell, E.; Elg, A.-P.; Rose A. J. Chem. Phys1995 102, 5827.
ogy combines the unity bond indexjuadratic exponential (13) Fujimoto, G. T.; Selwyn, G. S.; Keiser, J. T.; Lin, M. &.Phys.
potential theory of Shustorovich, reactor scale modeling, feature Chem.1983 87, 1906.
identification techniques for parameter refinement, and model A3g144)24(33ray, P.; Griffiths, J. F.; Scott, S. iRroc. R. Soc. Londofi984
validation. This approach has been applied to a model system, (15) keda, H.; Sato, J.; Williams, F. Aurf. Sci.1995 326, 11.
the platinum-catalyzed oxidation of,HUsing available experi- (16) Kalamatianos, S.; Park, Y. K.; Vlachos, D. Gombust. Flame
mental data in the literature for adsorbatelsorbate inter- ~ 1998 112 45. _
actions, a surface reaction mechanism has been developed for, 497) Kalamatianos, S.; Vlachos, D. Gombust. Sci. Techndl995 109
Hz, which is thermodynamically consistent and takes into — (1g) Kee, R. J.; Dixon-Lewis, G.; Warnatz, J.; Coltrin, M. E.; Miller, J.
consideration the change in activation energies of reaction A. AFORTRAN Computer Code Package for thelBation of Gas-Phase
pathways with varying adsorbate coverages of surface speciesgﬂxmg%“gfg’;fgtIéggsi)ort PropertieSandia National Laboratories Report,
The model predictions_ have b(_een compared a_lgainst experi- (19) Kee, R.J: R'upley’ F. M.: Miller, J. AThe CHEMKIN Thermo-
mental data available in the literature to refine the pre- dynamic Data BaseSandia National Laboratories Report, SAND87-8215B,
exponentials of some surface reactions. The resulting surfacel991. ) ] ) _
reaction mechanism successfully predicts a wide range of (Szl,(l)l’)f 'g‘é{‘%;gg“zvlsa-;éasemo' B.. Rose A.; Wahnstten, T.; Fridell,
experimental data, such as LIF OH desorption as a function of ™ 51y intz, A. C.: Harris, JSurf. Sci.1991, 1991, 397.
both H, composition and temperature, catalytic ignition, catalytic ~ (22) Miller, J. A.; Bowman, C. TProg. Energy Combust. Sc1989
autothermal temperatures, and species profiles. Extension tol5, 287.

more complex fuels is straightforward and will be reported 1952332)7""2382% C. E.; Anderson, L. C.; Lunsford, J. #1.Phys. Chem.

elsewhere. (24) Norton, P. R.: Davies, J. A.; Jackman, T.Gurf. Sci.1982 121,
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