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Abstract

If a cold catalyst is exposed to a mixture of fuebxygen, the surface coverage of the catalyst can be dominated
by either the fuel or the oxygen, depending on the actual catalyst and the composition of the gaseous mixture. If the
temperature is increased, heterogeneous ignition occurs; the ignition temperature is influenced by the adsorptior
and desorption properties of both the fuel and the oxygen. Based on the equations for the heat balance, expressior
have been derived for calculating the ignition temperature from the parameters of the experimental setup and the
adsorption and desorption parameters of the fuel and the oxygen. These expressions can also be used to evalue
measured ignition temperatures to determine unknown adsorption and desorption parameters, such as the pri
exponential factoAp and activation energgp for the desorption of the dominant surface species, the ratio of the
sticking coefficients, and the ratio of the adsorption orders of the fuel and oxygen. This latter approach was used to
evaluate measurements made by Cho and Law for the catalytic ignition of ethene and propene on polycrystalline
platinum. The following parameters were determined by means of nonlinear least-squareEifti@gi, /Pt =
136+ 21 ky¥mol, Ep(CgHg/PH = 161+ 53 kJ/mol, Sc,H,,0/50,,0 =156 £ 1.9, ScyHe,0/50,,0 =119+ 1.7.
Using a previously determined value for the sticking coefficient of e valuesSc,H,.0 = 0.38 £+ 0.08 and
ScaHg,0 = 0.294 0.06 were obtained. These error limits refer to a confidence level of 0.95. Experimental ignition
temperatures could be reproduced assuming second order adsorption of ethene and propene on a surface of Pt.
0 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction ature, the surface becomes covered by both fuel and
oxygen. Depending on the conditions, either the fuel
If a bare catalyst is exposed to a mixture of a OF the oxygen has a higher coverage. If the fuel ini-

gaseous fuel and oxygen below its ignition temper- tially has a higher coverage, all the oxygen atoms
bound to the surface are consumed soon by sur-

face reactions. The vacant sites will also be cov-
* Corresponding author. Fax: +36 1 3722592. ered mainly by species of the fuel, and again ad-
E-mail address: perger@vuk.chem.elte.i{i. Perger). sorbed oxygen atoms will be fully consumed. There-
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Nomenclature
AiDp Pre-exponential factor of desorption of  S§; o Zero coverage sticking coefficient of
species [s™] species [—]
Alp= A,-,Dei”’*D Apparent pre-exponential fac- T Temperature of the catalyst [K]
' tor of desorption of specieis[s_l] Too Temperature of the inlet gas flow far
b=nona/nFa Ratio of the reaction orders of from the catalyst [K] L
adsorption of fuel and oxygen [—] u Gas flow velocity [m§ ] =
d Diameter of the catalytic wire [m] Wi Molar mass of speciesikg mol™-]
E;p  Activation energy of desorption of  Xi Mole fraction of species in gas phase
species [Jmol1] ]
fr Roughness factor of the catalyst surface Greek
(—] , o _
k Number of surface sites occupied by the r Number of active catalytic sites per uni
oxidation products [—] geometric surface area [molTA]
ki A Rate coefficient of adsorption of species o Number of _actlve catalytic sites per uni
i s~ real catalytic surface area [molTf]
ki.p Rate coefficient of desorption of species ArH Molarjnthalpy of the overall reaction
iy [ mol~7] _
Lc Characteristic thermal length (equivalent O Surface coverage of SpeCIEE'_.]
. Ov Surface coverage of vacant sites [—]
width of the boundary layer above the o
catalyst) [m] K Factor describing the rate of heat loss
L¢ Reduced characteristic thermal length _through th? solid strur_:ture (correspond-
[m] ing to unit geometric surface area
—2K-1
m Number of surface sites occupied by [Wm™eK™] o
each molecule of the fuel [—] Heat L conlductlvny of the ogas
ni A Reaction order of adsorption of species [Wm K _] ) 1
[—] v Kinematic viscosity of the gas [fs™1]
nip Reaction order of desorption of species ¢ Number of oxygen molecules requireg
[—] for the oxidation of one molecule of the
p Pressure in the gas phase [Pa] fuel [—] _
i Partial pressure of specien gas phase 1)) Rate of the overall reaction (correspond-
[Pa] ing to unit area) [mol m2 s*l]
Qe Rate_ of heat produc_:tion due_ to electri_c Subscripts
heating (corresponding to unit geometric ]
surface area) [W m?] A adsorption
R Universal gas constant [J not K—1] D desorption
Re Reynolds number [—] i designation of the surface species
S=SFo/Soo Ratio of zero coverage sticking F fuel
coefficients of fuel and oxygen [—] o oxygen

fore, in a few such steps, the surface becomes al-
most fully covered by fuel species. In this case, if
the concentration of fuel in the gas phase is in-
creased, the mixture becomes less reactive and ig-
nition happens at a higher temperature. This means
that increasing the ratio of fuel/oxygen in the gas
mixture raises the ignition temperature. The sys-
tems: H/Oo/Pt[1], CO/G,/Pt[1], ethene/Q/Pt [1],
propene/@/Pt [1-3], and NH/O,/Pt[4] show such
behavior. In the opposite case, the surface is initially
almost fully covered with oxygen atoms, and increas-
ing the fuel/oxygen ratio lowers the ignition temper-
ature. Such systems are @,/Pt[4—6], CoHg/Oo/

Pt [6,7], propane/Q/Pt [1,4,5,8] and butane/g/Pt
[1,8].

Recently, a new metho[®] for evaluating mea-
surements of heterogeneous ignition temperatures has
used an analytical model based on the heat balance
and the Frank—Kamenetskii condition. It was assumed
there that the overall reaction rate is limited by the rate
of adsorption of the less efficiently adsorbed reactant,
which in turn depends on the desorption of the more
efficiently adsorbed reactant. Equations were deduced
to relate the ignition temperature to the gas compo-
sition, the experimental parameters, and the physical
parameters of adsorption and desorption. These equa-
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tions can be used to predict the ignition temperature
as a function of the composition of the gas, if the
physical parameters for the adsorption and desorption

and also some parameters of the experimental setup
. —

are known. On the other hand, the same equations F+mPt(s)= mF(s),

can be applied to interpret measured heterogeneous

ignition temperatures and so obtain unknown physi-
cal parameters via nonlinear least-squares fitting. This
method has been usdf] to determine the activa-
tion energy for the desorption of CO,oHand &
from a polycrystalline platinum surface. In addition,
the ratios of the sticking coefficients (at zero cover-
age):Sco,0/ 505,01 SH,,0/50,,0, aNdSo,,0/ScH,,0,

and the ratios of adsorption orders were also deter-
mined. In this paper, the same procedure is employed
to determine the parameters for the adsorption and
desorption of ethene and propene.

The parameters determined here not only have
scientific significance, but are also important from a
practical point of view. The partial oxidation of ethene
and propene on a catalytic surface is important in
the petrochemical industry, e.g., in the catalytic con-
version of hydrocarbonfl0-12] Another important
area is the optimization of three-way catalytic con-
verters used after internal combustion engines. Such
converters simultaneously reduce NO and oxidize CO
and the unburnt hydrocarbons, mainly consisting of
ethene and propene. Chatterjee e{E3] have mod-
eled a single channel of a monolithic converter, as-
suming a two-dimensional flow field, coupled with a
detailed model for surface reactions. In this model,
C3Hg represented the unburnt hydrocarbons. The cat-
alyst was assumed to be Pt/Rh and the model included
a detailed mechanism for the oxidation of propene on
the Pt sites only. In this mechanism, valuesA,

Ep, andSc,H,,0 from Tsai et al[14] were used. The
model used by Chatterjee et 3] reproduced well

all the measured conversions, except for the conver-
sion of GsHg in rich mixtures. A further improved
version of their model, taking into account the flow
and the heat distribution in the whole monolithic con-
verter and using a more accurate mechanism for the
oxidation of propene, could be an effective tool for
the design and optimization of automotive catalysts.

2. Analytical expressionsfor calculating an
ignition temperature

The reaction of a gaseous fuel with oxygen on a
catalytic surface can be described by

F+00,—> P. (1)

The details of the elementary steps can be very
complicated, but must contain the equilibria for the
competitive adsorption and desorption of both the
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fuel and oxygen, as well as the reaction of adsorbed
species on the surface and the desorption of reaction
productg15]:

(R1)

O, + 2Pt(s)= 20(s), (R2)
mF(s)+ 200(s)—

kP(S)+ (m + 20 — k)Pt(s), (R3)

P(s)— P+ Pt(s). (R4)

The symbols F, @, and P denote molecules of the
fuel, oxygen, and the product, respectively, in the gas
phase; F(s), O(s), and P(s) denote adsorbed species
of the fuel, an oxygen atom, and the product, respec-
tively; Pt(s) denotes a vacant site. Adsorption of a
molecule of fuel requires vacant sites. Note that
step(R3) can be either an elementary reaction on the
surface, or an overall reaction incorporating all sur-
face reactions.

In catalytic ignition experiments, a frequently used
experimental setup is an electrically heated catalytic
wire or plate, placed vertically in a cross-flow of
gas[1,16,17] In most experiments, platinum wires
or plates have been used, although some measure-
ments have been carried out also with palladi’m
18], iridium [7,18], rhodium [7,18], and nickel[7]
catalysts. In such experiments, the temperature of the
catalyst was increased to just below the ignition tem-
perature. Having reached a steady state, a small extra
heating ignited the system and the temperature was
recorded at increasing times, until a new steady state
was achieved. Due to the exothermicity of the chem-
ical reaction and also the external heating, the tem-
peratureT of the surface of the catalyst was always
higher than the temperatu@, of the inlet gas. The
temperature7’, was determined by the heat balance;
i.e., the heat produced by the electric heating and by
the chemical reactions is equal to the heat loss. Due
to the relatively low temperature, conductive and ra-
diative heat transport could be neglected and heat was
lost mainly due to cooling of the catalyst by the flow-
ing gas. According to the theory of heat trangfed],
the rate of convective heat loss depends linearly on
(T — Teo) and is proportional to the ratio of the heat
conductivity, A, of the gas and the characteristic ther-
mal length,Lc, i.e.,

A
oArH + Qe= — (T — Too).- 2

Lc
Here ArH is the enthalpy of the overall reactiomn,
is the rate of the overall reaction, a2k is the rate
of heat production due to electric heating. If the heat
loss through the solid structure cannot be neglected,
it can be taken into consideration with a further linear
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term, giving
A

wArH + Qe= L—(T —Too) +4(T — Teo)
C

A
= L_c(T — To). (3)
Here,x is a constant for the rate of heat loss through
the solid structure. The value efdepends on many
factors and is difficult to determine; however, for a
given experimental setup this value is constdijtis
the reduced characteristic thermal length for the ac-
tual experimental setup:

/ Lc

Li=—"—. 4
¢ 14 kLe/x @

If k is zero or negligibly small, theh = L..

The characteristic thermal length can be calcu-
lated[19] for a wire of diametet, placed perpendic-
ular to a flow of velocityu, as

d
0.891 x 10PRe-33’

where Re is the Reynolds numb@e= ud/v) and
v is the kinematic viscosity of the gas at tempera-
ture Too.

Before ignition, the surface temperature is deter-
mined by a balance of the rates of electric heating, the

(5)

Le=

heat produced by surface reactions, and the heat loss;

the rate of electric heating is more significant than
that of the chemical reactions. Any increase in sur-
face temperature requires additional electric heating.
At the ignition temperature, an infinitesimal increase
in the external heating results in a large change in
surface temperature. At the moment of ignition, the

temperature increases spontaneously due to the chem-

ical reactions, without additional heating. According
to the Frank-Kamenetskii conditig@0], differentiat-
ing Eq. (3) with respect to temperature results in the
following condition for ignition:

A
=

ow

aT (6)

r
In this equationj and L¢ can be calculated from the
conditions of the experiment angt H is well known.

The rate of the overall reactiom;, can be obtained
from the differential equations for the surface cover-
age of the species. However, due to the stoichiometry
of the reaction steps, the overall reaction rate and the
time derivatives of the surface coverage of the species
are not independent. The following equations relate
overall rate w, to the rate coefficients for adsorption
and desorption of the fuel and oxygekr(a, kr D,
ko.a. ko,p). the surface coverage of fuel, oxygen and
vacant sitesdg, 0o, 6v), and the orders of reaction
of adsorption and desorption of the fuel and oxygen

(nF.A, nF, D, nOA, 1O,D):
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A —kepbp°, (7)

1F,
= kp,Aby

~le Sle

1
== (ko.aby " (8)

In these equationd; is the number of active catalytic
sites per unit geometric surface area. For a smooth Pt
catalyst, the geometric surface area equals the active
catalytic surface area. ThereforE,= I'p = 2.71 x
10~° molm—2 [21], wherely is the density of active
sites on a Pt surface. For rough surfaces, the active
catalytic area is larger than the geometric surface area,
and the surface roughness factgy, has to be taken
into consideration, with™ = f; Ip.

The rate coefficientk; o, for the adsorption of
species at zero surface coverage is equal to the num-
ber of species hitting the surface in unit time mul-
tiplied by the zero-coverage sticking coefficiefitg
[22],

- ko’Dggo'D).

Si,0Pi _ Si,opXi
I'eW;RTYY2 27z W;RT)Y/2’

whereW;, p;, andX; are the molar mass, the partial
pressure, and the mole fraction of spedi@sthe gas
phase, respectively.

The rate coefficient for desorption can be de-
scribed by the Arrhenius expression:

©

ki A=

kip=A; pexp(—E; p/RT). (10)

If initially the surface is almost completely cov-
ered with fuel(6g ~ 1), the number of oxygen atoms
on the surface is negligibl@o ~ 0), and the number
of vacant sites is very smalby « 1), then Eqs(7)
and (8)can be simplified to

o =T (ke aby™ = kr.D), (11)

12)

The constraint®¥g ~ 1, o ~ 0, andéy « 1 hold, if

the desorption of the fuel is the rate-limiting step in
the reaction mechanism. If the fuel decomposes on
the surface before oxidation, but the rate-limiting step
is still the desorption of the unreacted fuel, the surface
is covered with the fuel and its decomposition prod-
ucts. If only molecules of the unreacted fuel desorb,
the rate of desorption is lower due to the lower surface
coverage of the unreacted fuel. In this case, an appar-
ent pre-exponential factotf i, = AF, DOQF P should

be used in Eq(10)instead ofA, whered is the sur-
face coverage of the undecomposed fuel species. This
approach is valid if the steady state ratio of decom-
posed and undecomposed species on the surface does
not depend on the temperature below the ignition tem-
perature. If this ratio is temperature-dependent, the
activation energyEr p in Eq. (10) should account
also for this temperature dependence.
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If one of the elementary steps of oxidation is rate-
limiting, the surface is probably covered with both
fuel and oxygen, and the ratio of the adsorbed fuel
and oxygen would depend on the gas composition. In
this last case, Eq$7) and (8)cannot be simplified, so

a more detailed model has to be used to describe the

surface reactions.

Defining b = no a/nF A, the ratio of the orders
of adsorption of fuel and oxygen, it can be shd®h
thatb should always be greater than or equal to one
in catalytic ignition systems with initial fuel cover-
age. Ifb =1, thenno’A =ngA, "OA — NFA = 0,
andey, ©A™"FA = 1. Expressingy from Eq.(12)and
substituting it into Eq(11) gives the overall reaction
rate as

_ I’k Dko,A _ T'kr D (13)
okra —koa okpa/koa—1
From Eqs(6) and (13)
d Tk A
R (R - Y (1)
oT \okpa/koa—1 L¢

Differentiating, and substituting expressio(®)
and (10)for the rate coefficients, the following con-
dition for ignition is obtained:

App I'ArHEpp exp(—Eg p/RT)
Xg (Wo\1/2 S0
RT2(o %5 (W) 230 )

Wr So,0
The quantity calculated on the left-hand side of
Eq. (15) is called[9] the ignition Damkdhler num-
ber Ay. In Eq. (15), the parameterdr p, EF,p, and
S = SF,0/S0,0 are physical constants for adsorption
and desorption. Therefore, in the casebof 1, if

=1 (15)

Le

111
ArHT L (So,oA’.%,D> (F(erRT)l/z)b_l

5y b
o A\ SE P

XO/"V(%/2 b—1 EED
x 12 o7 TP hT2

(Xp/Wg' )P RT

—DEFp

ex 2 ) =1 17

xexp( 2 a7

Using Eq.(17), the ignition temperaturd can
be calculated from the composition of the gas, if the
physical constants and information describing the ex-
perimental setup are known. On the other hand, if the
ratio b of the adsorption reaction orders is known,
thenEF p andSg, OAF I:,/SF o €an be obtained from a
nonlinear least-squares fit to the experimental ignition
temperature, when plotted against the composition of
the gas. Ifb is not known, its value can also be deter-
mined in this way.

The value ofL; in Egs.(15) and (17)can only be
calculated, if the rate of heat loss through the solid
structure attached to the catalyst is known. The deter-
mination ofx is not straightforward; in most cases,
only a rough estimation can be made,xs@ gener-
ally unknown. However, Eqq15) and (17)can still
be used to determine the adsorption and desorption
parameters from the experimental ignition tempera-
tures. If the heat loss through the solid structure is
negligible, then, according to E(#}), Lc can be used
instead ofL¢. L¢ can be calculated using E¢), and
the adsorption and desorption parameters can be de-
termined via a nonlinear parameter estimation. i
a significant parametet,;, differs from L. If the L¢
calculated from Eq(5) is used ad.., the values deter-
mined for the parameten: p (inthe case of Eq15))
or So, 0A|: D/SF o (in the case of Eq(17)) will be bi-
ased. However, due to the structures of S) and

these values and the other constants characteristic of (17) the determinations ofEp, S = SF.0/S0.0 and

the reaction and the experimental setup are known,
the ignition temperaturd can be calculated know-
ing the composition of the gas by solving E45).

On the other hand, E15) can be used to determine
the parameters for adsorption and desorption from a
plot of the measured ignition temperature against the
composition of the gas by nonlinear least-squares fit-
ting.

If the ratio of the adsorption ordets> 1,np a —
ng.a > 0 and thereforey, ©* """ ~ 0, if 6y « 1.
This results in the following approximate expression
for the overall reaction rate:

_ Tkona (kED b
o \kpa/
Substituting Eq(16) into Eq.(6) and differentiat-

ing every temperature-dependent term with respect to
T yields

(16)

b are not affected, and the fitting provides unbiased
values for these parameters, evenr ifs significant.

In our calculationsAr p was never considered as a
physical result due to its large confidence interval.

The roughness factor was assumed to fpe=
1.00, which seems feasible for a platinum wire cat-
alyst. Deviations in the roughness factor may cause
an error in the determination of the pre-exponential
factor, since the error of the roughness fagfoprop-
agates through an error ifi, causing the determined
pre-exponential factor to be biased; however, determi-
nation of the other parameters is not affected.

If the fuel decomposes on the surface before
oxidation, the pre-exponential factor obtained via
the nonlinear fitting to Eq(15) is an apparent pre-
exponential factorAt , = AF, DO C. If the steady
state ratio of decomposed and undecomposed species
on the surface does not depend on the temperature
below the ignition temperature, the determinations
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of Er,p andS = Sk o/So,0 are not affected and the
fitting will provide the correct values for these para-
meters. If the above ratio is temperature-dependent,
this dependence may influence the determination of
the activation energy; however, the value determined
for S = SF.0/S0,0 is still valid.

3. Determination of the parameter s by fitting
experimental data

Most measurements of heterogeneous ignition are
available for B, CO, and CH. Only two paper$l1,5]
were found on how the heterogeneous ignition tem-
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vectors form a matrxS, which has three columns
and i rows. According to the method of principal
component analysis of local sensitivity matri¢2s],
eigenvectors of the matr&' Sshow if the parameters
are independent of each other and the correspond-
ing eigenvalues indicate the effectiveness of single
parameters or parameter groups defined by the eigen-
vectors. For example, in the case of three parameters,
the eigenvecto(1.00, 0.00, 0.00) means that the first
parameter is independent of the other two; the eigen-
vector (0.00, —0.71,0.71), when related to a high
eigenvalue, means that the output of the model is de-
termined by the ratio of the second and third parame-
ters. The effectiveness of a parameter within a group

perature of alkenes depends on the composition of the of parameters can be characterized by the square of

gas. The data of Veser and Schniilton ethene and

the corresponding component of the eigenvector. The

propene could not be used, because their description principal component analysis was performed using a

of the experimental setup lacked some required de-
tails. Catalytic ignition of ethene and propene on Pt
surfaces has been studied by Cho and [[Ajwsing
a Pt wire in flowing gas. CHEMKIN-II packagi3]

was used to calculate parameters like the thermal con-

ductivity and the viscosity of gas mixtures at a given
temperature. As the heat loss through the solid struc-

ture attached to the catalyst was not measured by Cho .

and Law[1], x = 0 was assumed. This assumption
may produce invalid values for the pre-exponential
factor, if the heat loss through the solid structure is not
negligible, but the other parameters are not affected.

Knowing the experimental conditions, depending
on the value ob, Egs.(15) or (17)can be used to re-
late ignition temperature to physical parameters, such
as the ratio of sticking coefficients and the Arrhenius
parameters for desorption. The nonlinear implicit al-
gebraic equations were solved numerically to obtain
the ignition temperature. The measured ignition tem-
peratures at different gas compositions can be fitted
using these equations to obtain the unknown physi-
cal parameters. The Levenberg—Marquardt (LM) al-
gorithm, encoded by Holpar and KesZ@#], was
used for the nonlinear least-squares fits.

An important question is whether the parameters
to be determined are effective ones and/or indepen-
dent of each other. Principal component analj2
of the local sensitivity matrices is an efficient way of

modified version of KINAL[26].

4. Resultsfor theignition of ethene on a Pt
surface

The overall reaction for the combustion o€,

is CoHg + 302 — 2C0O;, + 2H,0; thereforep = 3.
Using Eq.(17), the ratiob of the adsorption orders
was one of the fitting parameters. Principal compo-
nent analysis indicated thatis an independent and
effective parameter in this case. The value determined
wash = 1.0+ 0.2 and the corresponding fitted curve
is given by the dashed line iRig. 1 Also, assum-
ing several possible integral adsorption orders, fitting
was attempted based on Efj7) with the correspond-
ing fixed values ofb. A systematic deviation was
found between the experimental data and the fitted
curve for all cases, except fér= 1. Therefore, the
adsorption reaction orders ofp84 and & can be
assumed to be equal. Assuming tlhat 1 and us-
ing Eq. (15), values ofEp, S = Sc,H,.0/50,,0, and
Ac,H,,D Were fitted. Principal component analysis at
the parameter set of the best fit gave the following re-
sult: first parameter group: eigenvectdf: (—0.995,

S: —0.085, A: 0.000), eigenvalue 23.44; second pa-
rameter group: eigenvecto®( 0.083, S: —0.996,

answering such questions. First, the parameters deter-A: 0.000), eigenvalue &5 x 10~2; third parameter

mined by the previous nonlinear least squares fitting
were utilized for computinng.C, the calculated igni-
tion temperature at the conditions of experiment
In the next step, the parametef®, S, and Ap
were changed by 0.1% and sensitivity coefficients
(si1.5i2.53) = (BTF/IEp, 0T, /38, ITF/dAp)
were estimated by calculating finite differences. The
sensitivity coefficients were then normalized by cal-
culating ((ED/TiC)(aT,»C/aED), S/ Tic)(aTic/aS),
(Ap/TH)(ATF/3Ap)). The normalized sensitivity

group: eigenvectork: 0.052, S: 0.000, A: 0.998),
eigenvalue B2 x 10~°. This means that every para-
meter can be determined independently; the calcu-
lated ignition temperature is very sensitive &p,
less sensitive taS, and not sensitive to the value
of Ap. The results of parameter estimation are
Ep(CoHy/PY) = 136+ 21 kJmol, Sc,H,,0/50,,0 =
15.6+1.9, Ap(CoHg/Pt = (5.5+16.3) x 1011571,

The indicated errors are 95% confidence limits. The
fitted curve is shown by the solid line Fig. 1L
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Fig. 1. Measured (circles) and calculated (lines) surface ignition temperature for the ignition of ethene. The dashed line shows

the result when the value &f was determined using E@L7). The final parameters were obtained assundirg1 and using

Eq. (15) (solid line).

This method can only determine the ratioAd-
sorption of @ on a polycrystalline Pt surface is usu-
ally assumed to be second ord&6,27-31] There-
fore the ratiob = 1 means that the adsorption of
ethene on a polycrystalline Pt surface is also of sec-
ond order. The zero coverage sticking coefficient of
O, on polycrystalline Pt has been determingd
to be Sp,,0 = 0.024+ 0.004, usingSco,o = 1.00,
which is a measurefB82] value for CO on polycrys-
talline Pt. Using this value o, o and the ratio
Sc,H4,0/S0,,0 determined in this work, the zero cov-
erage sticking coefficient of 484 on polycrystalline
Pt is Sc,H,,0 = 0.38 £ 0.08, where the 95% confi-
dence limit was calculated by taking into account the
propagation of errors.

5. Resultsfor theignition of propeneon a Pt
surface

The overall reaction for the oxidation of propene is
CzHg +4.50, — 3CO; + 3H,0; thereforeg = 4.5.
The value ofb was found to bé = 1.1 + 0.3 by fit-
ting Eq.(17). Principal component analysis indicated
that b is an independent and effective parameter in
this case. The corresponding fitted curve is given by
dashed line irFig. 2 Just as the case obBy, assum-
ing several possible integral adsorption orders, a sys-
tematic deviation was found between the experimen-
tal and calculated data in all cases, excepthfer 1.
Therefore, it was assumed that the adsorption reac-
tion orders of GHg and G are equal (withb = 1), so
Eq.(15)was used. Principal component analysis gave
the following result: first parameter group: eigen-
vector (E: —0.996, S: —0.085, A: 0.000), eigen-
value 62.50; second parameter group: eigenvector
(E: 0.084,S: —0.996,A: 0.000), eigenvalue .68 x

10~1: third parameter group: eigenvectdt:( 0.000,
S: 0.000,A4: 0.999), eigenvalue 84 x 10-5. As with
ethene, the result of the principal component analysis
is that every parameter can be determined indepen-
dently, but the calculated ignition temperature is not
sensitive to the pre-exponential factdp.

The fitted parameters arEp(C3Hg/Pt) = 161
+ 53 kImol, SczHe0/50,,0 = 119 £ 1.7, and
Ap(C3Hg/Ph = (1.2 + 9.3) x 1013 s~1. The indi-
cated errors are for 95% confidence limits. The fitted
curve is shown by solid line ifig. 2

Assuming second-order adsorption of @n poly-
crystalline Pt, the value df = 1 means that the ad-
sorption of propene on polycrystalline Pt is also of
second order. The zero coverage sticking coefficient
of O, on polycrystalline Pt was determing®] to be
S0,,0 = 0.0244+ 0.004. ThereforeSc,Hg,0/50,,0 =
119+ 1.7 means the zero coverage sticking coef-
ficient for GsHg on polycrystalline Pt isScyHg,0 =
0.294 0.06, where the 95% confidence limit reflects
the propagation of errors.

6. Discussion

Equations(15) and (17)relate the ignition tem-
perature to the composition of the gas, using parame-
ters of the experimental setup and for the adsorption
and desorption. These equations were used to deter-
mine parameters for the adsorption and desorption
of ethene and propene on a polycrystalline platinum
surface. In our treatment, the heat loss through the
solid structure was neglected. This may introduce er-
rors into the value determined for the pre-exponential
factor; these errors depend on the ratio of the heat
loss via the solid structure and the heat loss through



114

850

800 |

T. Perger et al. / Combustion and Flame 142 (2005) 107-116

—
0.05

—
0.10

0.15

a= p(CsHy)
p(C;Hg )+ p(0,)

Fig. 2. Measured (circles) and calculated (lines) surface ignition temperature for the ignition of propene. The dashed line shows

the result when the value &fwas determined using E@L7). The final parameters were obtained assundirgl and using

Eq. (15) (solid line). The dash-dot line shows the ignition temperature as a function of composition, calculated using parameters

Ap =103 s 1 and Ep = 72.8 kImol1, as recommended by Tsai et l4].

the gas phase. We assume that before oxidation, the of ethane, used a detailed reaction mechanism, also

fuel does not decompose on the surface. Decompo-

sition of the fuel before oxidation may cause further
error in the pre-exponential factor. As has been shown
in Section?2, if these constraints do not hold, the
pre-exponential factor determined from fitting will be
biased; however, the determination of the activation
energy of desorption and the ratio of the sticking co-
efficients will not be affected.

6.1. Parametersfor the adsorption and desorption of
ethene

The parameters determined in this work are
Ep(CyHg/Pt) =136+ 21 kIymol, Sc,H,.0/50,,0 =
15.6 + 1.9, and Ap(CoHy4/PY = (5.5 £ 16.3) x
101 s71. The determined value df= 1 means that
the order for adsorption of ethene is equal to that for
oxygen. Since the adsorption of oxygen is usually as-

involving ethene as a product. They adjusted the
parameters for the heterogeneous chemical mecha-
nism to fit their measurements. They uskgln, 0 =
0.015, which is lower than the value obtained in our
work. However, Zerkle et a[11] did not fit Sc,H, o

it was only “adjusted within reasonable bounds, so
that an approximate fit of the experimental data was
achieved.” They also stated that the measurements
they used could have been reproduced with different
parameter sets as well.

For the activation energy of the desorption of
ethene, Wolf et al[10] used Ep(CyH4/Pt) = 50.2
kJ/mol; however, the source of this value is not clear
from their article. This value was also used by Zerkle
et al.[11] in a description of the partial oxidation of
ethane catalyzed by platinum at 1150-1250 K.

6.2. Parameters for the adsorption and desor ption of

sumed to be second-order, the adsorption of ethene on propene

polycrystalline Pt is also second-order. The zero cov-
erage sticking coefficient for4E,4 on polycrystalline
PtisSc,H,,0=0.38+0.08.

Tsai et al.[14] measured a zero coverage stick-
ing coefficient for GH4 on Pt(111) ofSc,H,0 =
1.0+ 0.1 at 100 K and a “slightly lower” value at
150 K. No other measurement has been found in the
literature. Wolf et al[10] usedSc,H,,0 = 1.0 in their
model for the conversion of methane; however, ethene
played only a marginal role in their work, and the ori-
gin of this value was not indicated.

The oxidation of ethene on a Pt(111) surface has
been investigate{B3,34], but no parameters for ad-
sorption and desorption were determined. Zerkle et
al. [11], dealing with the catalytic partial oxidation

The estimated parameters afp(CgHg/Pt =
161+ 53 kJymol, ScyHe,0/50,,0 =119+ 1.7, and
Ap(C3Hg/Ph = (1.2+9.3) x 1013571, The adsorp-
tion of propene on polycrystalline Ptis also second or-
der. The zero coverage sticking coefficient fojHg
on polycrystalline Pt was found to b&c,Hg 0 =
0.29+ 0.06.

Tsai et al.[14] reported for GHg on Pt(111) that
ScaHe,0 = 1.0 £ 0.05 at 100-150 K. No other mea-
sured sticking coefficient for propene at higher tem-
peratures or for polycrystalline Pt has been found in
the literature.

Our method of calculating the ratios of sticking
coefficients from ignition data have provided val-
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ues of Sn, 0/50,.0. SC0,0/50,,0: 50,.0/SCH,.0:
SCyH4,0/80,,0, and ScaHe 0/50,,0- Using a sin-
gle measured absolute sticking coefficie$ito o =
1.0, the following range of sticking coefficients
(for zero coverage) on polycrystalline Pt were de-
rived: Sy, o = 0.88+ 0.40, Sc,H,,0 = 0.38 £ 0.08,
ScaHe,0 = 0.294 0.06, So,,0 = 0.024+ 0.004, and
ScH,,0 =0.0041+0.0009. Our method has also pro-
vided the following activation energies for desorp-
tion: Ep(Hz/Pt = 43.34+5.2 kJ/mol, Ep(CO/Pt) =
107.2 + 127 kJmol, Ep(CyHa/Pt = 136+ 21
kJ/mol, Ep(C3Hg/PH = 161 £ 53 kImol,
Ep(Oy/Pt) = 190+ 34 k¥mol. The order and also
these values are in good accord with our present
knowledge of the chemistry of adsorption.

Tsai et al[14] measured the desorption of propene
from Pt(111) using temperature programmed desorp-
tion (TPD). They estimated the activation energy for
desorption to be 72.8 kinhol by taking the TPD peak
at 284 K, assuming first order desorption kinetics
and a pre-exponential factor of s, As demon-
strated inFig. 2, the value of Tsai et a[14] is not in
agreement with the heterogeneous ignition data.

Chatterjee et al[13] studied the oxidation of
propene inside a single channel of a monolithic three-
way catalyst, using a two-dimensional flow-field, cou-
pled with a detailed surface reaction model. In this
mechanism, the data of Tsai et Hl4] for Ap, Ep,
andSc,Hg,0 Were used. They found that the measured
conversions of propene were not reproduced well.
The values determined in our work may contribute to
better agreement of the calculated and experimental
results for monolithic three-way catalysts.

6.3. Uncertainty of the parameters

The sensitivity analysis shows that the fitting func-
tion is not sensitive to the value of the pre-exponential
factor; therefore, its error limits are high. Further-
more, if the assumptions used do not apply, the fit-
ted pre-exponential factor is biased. The uncertainty
range of the pre-exponential factor determined in this
work is too high, and its value may be considered to
be correct only to an order of magnitude, so its use is
not recommended.

On the other hand, the fitting function is very sen-
sitive to the activation energy and the ratio of the
sticking coefficients, and any violation of the simpli-
fying assumptions does not introduce errors to their
values. Therefore, the determined values of the activa-
tion energy for desorption and the ratio of the sticking
coefficients can be assumed to be reliable.

6.4. Comparison with multistep mechanisms

Zerkle et al.[11] studied the partial oxidation of
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that experimental data could be reproduced with dif-
ferent parameter sets. This indicates that the parame-
ters are coupled, so a determination of the individual
parameters by fitting may be difficult. Wolf et §1.0]
dealt with the simulation of oxygen-free methane con-
version using a detailed reaction mechanism, which
included ethene as well. However, because the oxida-
tion reactions are missing, their detailed model can-
not be directly used to study heterogeneous ignition.
Chatterjee et a[13] studied the oxidation of propene
inside a monolithic three-way catalyst, and applied a
detailed reaction mechanism, coupled with a calcula-
tion of the flow field. While it may be possible to use
their model for the determination of unknown mod-
eling parameters, their model requires considerable
computational resources, and using it for fitting would
be quite inconvenient.

7. Conclusions

A novel method has been presented for evalu-
ating measurements of heterogeneous ignition tem-
peratures for the oxidation of #8i4 and GHg on
a polycrystalline platinum surface. This methf$]
uses an analytical model based on the heat balance
and the Frank-Kamenetskii condition. Equations were
deduced to relate the ignition temperature to the
gas composition, the experimental parameters and
the physical parameters for the adsorption/desorption
equilibria. These equations can be used to predict the
ignition temperature as a function of the composition
of the gas, if the physical parameters of adsorption
and desorption and the parameters of the experimen-
tal setup are known. On the other hand, the equations
can be applied to evaluate measured heterogeneous
ignition temperatures and to obtain unknown physi-
cal parameters via nonlinear least squares fitting.

This new method was used to determine the acti-
vation energy for the desorption obB4 and GHg.

In addition, the ratios of the zero coverage sticking

coefficientsSc,H,,0/50,,0 and SczHe,0/S0,,0, and

the ratios of adsorption orders were also determined.
Only an order of magnitude estimate can be given for
the pre-exponential factor of desorption, because the
ignition temperature is not sensitive to it. The para-

meters obtained for adsorption and desorption were
tested by calculating ignition temperatures at differ-

ent gas compositions and comparing them with the
experimental data.
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