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When a cold catalyst is exposed to a fuel-oxygen mixture, the surface gets covered with the more effectively
adsorbing species. When the temperature is increased, this species is desorbed and the ignition temperature
is determined by the rate of desorption. Based on the equations for the heat balance, expressions were derived
for the calculation of ignition temperature from the parameters of the experimental setup, the preexponential
factor Ay and activation energlfy of desorption, the ratio of sticking coefficients, and the ratio of adsorption
orders of fuel and oxygen. Published experimental data for the catalytic ignition of g@nH CH were
reinterpreted using the expressions obtained, and the following parameters were determined for polycrystalline
platinum catalyst:Eq(HJ/Pt) = 43.3+ 5.2 kJ/mol,E4(CO/Pt)= 107.2+ 12.7 kI/mol E4(O,/Pt) = 190+ 34

kJ/mol, Sy, /0,0 = 36.7 £ 9.6, S0,dS0,0 = 41.2 £ 8.5, o,/ ScH,0 = 5.9 £ 0.3. Error limits refer to a
confidence level of 0.95. The activation energy of desorption for CO anan@® the ratio of zero coverage
sticking coefficients of @ and CH, are the first experimentally based determinations of these parameters.
Experimental ignition temperatures could be reproduced assuming second-order adsorption ef &d, H

O, on the Pt surface. These reaction orders have been debated in the literature.

1. Introduction temperature-gas composition curves could be calculated using
. . very different parameter sefs.
Homogeneous gas-phase combustion has the capability of the The aim of this paper is to present a general method for the

Erct)ducilr?n ofa ygmﬂ;:iptr?mo@ur:jt o{r:anerg?/l '? atsfmall vthIume determination of the most critical parameters for heterogeneous
ut on the expense of high N@nd other pollutant formation. o ition from ignition temperature measurements. Using this

Reaction of fuel and oxygen on a catalyst surface, called method, the activation energy of desorption and ratio of sticking
heterogeneous combuspon, hag the. advantage of Iowf';Nd) coefficients of reactants can be determined from experimental
other pollutant generation, bl.“ n Fh|s case, th'e reactloq .ratesignition temperature data. In sections-£2, expressions are
are much lower. A new _technlque is the catalytically stablll_zed_ derived that relate ignition temperature to experimental and
thermal (CST) combustion, where the gas phase combustion ISphysical constants and parameters of adsorption and desorption.

initiated and stabilized by a catalytically active surffic'Ehe In section 5, the obtained equations are compared with previous
presence of catalyst extends the stable burner operation to leane,

dtudies on heterogeneous ignition. In section 6, previous!
mixtures and therefore lowers operating temperatures. In CST g g . P y

bust th " N hiah. but pollutant f i published experimental data for the catalytic ignition of CO,
combustors, the reaction rates are high, but poliutant formation ) “5,q cH are reinterpreted using these equations, and the
is near zero. Other practically important applications of het-

bustion includ haust catalvsi talvii activation energy of desorption and the ratio of sticking
erogeneous combustion Include car exhaust catalysis, CatayliCqefficients of fuel and oxygen are determined. The values
afterburning in chemical reactors, radiant heaters, chemical

h d Wi b ¢ bi obtained are compared with direct experimental determinations
reactor heaters, and catalytic combustors for gas turbine ;¢ oce yalues, if available.
applicationg

_ Design of hetero_geneous combustors a_md_catalytice_llly stabi-5 Heat Balance in Catalytic Ignition
lized burners requires the proper quantitative description of
heterogeneous ignition and combustion. Several papers were In catalytic ignition experiments, the catalyst is usually a Pt
published in the last 10 years on the experimental study of plate or Pt wire. In stagnation point flow experiments, the
heterogeneous ignition. In accordance with the great theoreticallaminar flow of the fuel/oxygen/diluent gas mixture is perpen-
and practical importance of this field, a large number of papers dicular toward a platinum plafein another type of experimental
was published on numerical modeling of heterogeneous com-arrangement, a catalytic wire is placed vertically in a stagnating
bustion and very good agreement with the experimental dataga$ or in a cross-stream gas floW:° In both types of
was found®~5> However, all models contain many uncertain and experiments, the temperature of the catalyst is increased to just
therefore tuneable parameters. As an example, similar ignition below the ignition temperature. Having reached a stationary
state, a small extra heating will ignite the system, and the
*To whom correspondence should be addressed. E-mail: turanyi@ t€Mperature vs time curve is recorded until a new stationary
garfield.chem.elte.hu; ctrev@servidor.unam.mx. state is achieved. Because of the exothermic chemical reaction
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and the external heating, temperatdr@f the surface of the F+oc0,—P (7)
catalyst is always higher than temperattiteof the inlet gas

flow far from the catalyst. Temperatufleis determined by the ~ The detailed elementary mechanism can be very complicated
heat balance; that is, heat production by electric heating andbut has to contain the competitive adsorpti@esorption
chemical reactions is equal to heat loss. Because of the relativelyequilibrium of fuel and oxygen, the reaction of adsorbed species
low temperature, conductive and radiative heat transport canon the surface, and the desorption of reaction prodticts:

be neglected, and heat loss is mainly due to cooling of the .

catalyst by the gas flow, called convective heat transport. F+ mPt(s)= mF(s) (R1)
According to the theory of heat transférconvective heat loss .

depends linearly on the difference of temperatliref the 0, +2Pt(s)j=2O(s) (R2)
surface and temperatufie, of the gas far from the surface and
is proportional to the ratio of the heat conductivitpf the gas mF(s)+ 20 O(s)— k P(s)+ (m+ 20 — KP1(s) (R3)
and the characteristic thermal lendth P(s)— P+ PY(s) (R4)

wAH+ Q.= Li(T - T,) D Symbols F, @, and P denote the fuel, oxygen molecule, and

c product species, respectively, in the gas phase; F(s), O(s), and
P(s) denote the fuel, oxygen atom, and product species on the
surface, respectively; and Pt(s) denotes a vacant site. Adsorption
of each fuel species requiresvacant sites. Note that step R3
can be either an elementary reaction on the surface or an overall
reaction that incorporates all surface reactions.

3.1. Rates of the Surface ReactionsThe change of the
L.=2x 10 2/v/a ) surface coverage of species F(s) gnd O(s) during t_he reaqtion
can be described by the following system of differential

wherev is the kinematic viscosity of the gas at temperaflye ~ €duations:

Here A/H is the enthalpy of the overall reactiom, is the rate

of the overall reaction, an@. is the rate of heat production
due to electric heating. The thickness of the thermal boundary
layer L. can be calculated from the flow geometfyFor
stagnation point flow configurations

anda is the velocity gradient of the gas flow. Units bf, v, do o
andaare m, nis™%, and s, respectively. If a wire of diameter e —mr . — — (8)
dis placed perpendicularly in a flow of velocity the width of dt FA T
the equivalent characteristic thickness is 40
o) Wo
d 3) gt 20— 2op T 9)

C

- 33
0.891x 10R¢ wherefr and 6o are the surface coverage of fuel and oxygen,

whereReis the dimensionless Reynolds numbBe& ud/v). respectivelyre a, roa, I'r,p, andro p denote the adsorption rate
Before ignition, the surface temperature is determined by the of fuel and oxygen and the desorption rate of fuel and oxygen,
balance of the electric heating, the heat production of the surfacerespectively wr and wo are the consumption rate of fuel and
reactions, and the heat loss; the heat production of the electricoxygen in the overall chemical reaction, respectivélys the
heating is more significant than that of the chemical reactions. density of active sites on the surface of the catalyst. In the case
Any increase in the surface temperature requires additional of Pt catalyst, site density i§ = 2.707x 10~°> mol m~2.14 The
electric heating. (See Figure 2 in ref 11.) At the ignition analysis does not consider inhomogeneity but takes only into
temperature, infinitesimal increase in the external heating resultsaccount an effective mean value of the concentration of surface
in a large change of surface temperature. In the moment of species.
ignition, the temperature increases spontaneously because of the In stationary state@/dt = 0 and d)o/dt = 0, and therefore,

chemical reactions, without additional heating: or and wo can be expressed from egs 8 and 9, respectively:
%_, © 0 aa_?_e -0 ) wg = (Mreg p — mie )l (10)
° wo = (2ron— 2 )T (11)

According to the Frank-Kamenetskii conditidqdifferentiating o ) .
eq 1 with respect to the temperature results in an expressionT he stoichiometry of reaction step R3 makes a relation between

for the condition of ignition: consumption rateer and wo:
ow AH Qe _ 2 W=7 (12)
j— F (@]

The overall reaction rate can be obtained from the stoichi-

According to eq 4, at the ignition temperatule the time ometry of reaction step R1 or R2:

derivative ofQ. is zero and the following equation becomes

the condition of heterogeneous ignition w: o
w=—=75" (13)
i) A m 2o
TAH== (6)
oT L. r
w=0cpr—Tep) =oa—lop = (14)
3. Rate of the Overall Reaction FALRD or P

The reaction of fuel and oxygen gases on a catalytic surface The rate of adsorption of species proportional to the number
can be described by the following overall reaction: of species hitting the surfade:
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S pX Sp (15) few such steps, the surface becomes almost fully covered by

= = fuel species. In this case, increasing the concentration of fuel
I“\/ZnV\/i RT Fx/Z”Wi RT in thepmixture, the mixture becomesgless reactive and ignition

happens only at higher temperature. This means that increasing
the fuel/oxygen ratio in the gas mixture will increase the ignition
temperature. The #0,/Pt8 CO/O,/PtE ethylene/Q/Pt8 pro-
pylene/Q/Pt8 and NH/O,/P#® systems show such behavior.
In the opposite case, the surface is initially almost fully covered
with oxygen atoms, and the increasing fuel/loxygen ratio
decreases the ignition temperature. Such systems are thle CH
O,/Pt 16718 C,Hg/O,/Pt,171° propane/@Pt216:18.20and butane/
0,/P£20 systems. In the case of some fuels, like ethane and
=50 (16) isobutane, the ignition temperature decreases as a function of

07V increasing fuel/oxygen ratio at leap (< 1), stoichiometric ¢
= 1), and moderately rich (¥ ¢ < 4) conditions but starts to
increase at very fuel richg( > 4) conditions!® indicating a
change from initial oxygen coverage to initial fuel coverage

i,A

wherep is the pressure of the gas mixtum, X, andp; are

the molar mass, the mole fraction, and the partial pressure of
speciesi in the gas phase, respectivel§; is the sticking
coefficient of speciesbelonging to the actual coveraggcan

be a nontrivial function of the ratio of vacant sites and may
depend on which species cover the surface. Howesezan
approximately be related to the zero coverage sticking coefficient
S.0 by the following power-law expression (see, e.g., ref 5):

wheren; 4 is the reaction order of adsorption of speciemnd
60y is the coverage of vacant sites. Substituting eq 16 into eq 15

yields regime. A more detailed description of the condition for full
SoPX » SoP ‘ » initial fuel or oxygen coverage is given in the Appendix.
liA= - Oph = . 00 =k A00* (17) In the following sections, expressions for the rate of overall
Y Ly2zW, RT I'y272W RT ’ reaction will be deduced and equations for the relation of

U ) adsorptior-desorption parameters and ignition temperature will
wherekia = §,0pX /[T'(27W RT)*7] is the rate of adsorption  pe produced. These equations depend on the type of initial

of species at zero surface coverage. , coverage and the order of adsorption reactions.

Denoting the reaction order of desorption of speciegn; p, 3.3. Initial Fuel Coverage.lf initially the surface is almost
the foIImeg expression can be obtained for the rate of completely covered with fuebg ~ 1), the number of oxygen
desorption: atoms on the surface is negligibléf~ 0), and the number of

o vacant sites is very smalb{ < 1). Therefore, eq 21 can be
o = ko0 (18)  simplified to
In this equatiork; o denotes the rate coefficient of desorption r o
of speciesi, which depends on temperature by an Arrhenius w= gko,A@vo'A (23)
type expression:
The ratioke p/ke A can also be expressed from eq 21:
ko= Ao eXp(-E /RT) (19) g P q
. . . . ko eno‘A
Therefore, the rate of desorption is described by the following ke \O7A — ke o = ATV (24)
expression: ATV D o
o= gin"DAi,D exp(—E o/RT) (20) @ — gFa_ koA groa (25)
\ o v
From egs 14, 17, and 18, the following equation can be obtained ke ke
for the relation between the adsorptietiesorption parameters ke Ko
of the fuel and oxygen and the overall reaction rate: k,:_D = 0\'}“(1 — ?’AQCOA”EA) (26)
A OKg A

= el — ke ol = ol — koot (21)

o Three different cases can be distinguished, depending on the

] . reaction orders of the adsorption of reactants: when the orders
Note that in eqs 1820, preexponential factdk p was expressed e equalfe s = no 4), when the order of adsorption of oxygen
with surface coverages and not with surface concentrations. Tojg |arger (i o < No ), and when the order of adsorption of the

convert it to the preexponential facté¥;p expressed with fuel is larger Qe > Noa).
surface concentrations, it has to be divided with the appropriate 331, Case 1: \a = noa If the order of adsorption of

power of the surface site density: the fuel g4 is equal to the order of adsorption of oxygen
A Noa, thennoa — Nea = 0, B)°A ™A = 1 and eq 26 can be
A= .D (22) simplified to
, Fni,D—l
3.2. Surface Coverage before Ignition Exposing a bare &3= 03”‘(1 - ko'A) 27)
catalyst surface to a mixture of fuel and oxygen gases below Kea ke,

the ignition temperature, the surface becomes covered by both
fuel and oxygen atom species. Depending on the conditions,ei-
ther the fuel or the oxygen has a higher coverage. If the fuel ke o\ Urea ko o |1
has initially a higher coverage, all oxygen atoms bound to the 0 =|[-—P] |1 -2A ' (28)
surface are consumed soon by surface reactions. The vacant Voo \kea oke A

sites will be also covered mainly by fuel species, and the oxygen

atoms adsorbed will be also fully consumed. Therefore, in a Using egs 23 and 28, the reaction rate is

This allows the estimation of the ratio of the vacant sites:




Parameters in Catalytic Combustion Systems

ko A(kF D)nOA/nF A(l 3 kO,A )no,A/nF,A (29)

ke oKe A
Becauseno a/Nra = 1, therefore, the overall reaction rate is
r r
- Dedon _ Thep 30
ke p — Koa Ke A
o——1
%kon

3.3.2. Case 2: pa < hoa Ineq 26,0, <1, andnoa — Nra
> 0; thereforep,"oa "ra =~ 0. The value oko a/oke 4 is of the

order of 1; thus, the second term in the parentheses can be

neglected, resulting in the following expression:

1ng A
=)

Substituting the above expression into eq 23, the overall reaction

rate can be estimated with the following term:
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kO b Ne,A/Mo,A 3 & —Ng alNo A
o= rkFA(kO’A) (1 akQA) (39)

Because the reaction orders of adsorption are edqualirio a
= 1), the overall reaction rate is

 Thodken _ Thop
© o oken Fon (40)
e

3.4.2. Case 2: pa > noa In eq 36, the number of vacant
sites is very small{, < 1), and the adsorption order of the
fuel is greater than the order of the oxygen speaies - noa
> 0); therefore §,Fa "oa ~ 0. The value ofo kg a/ko a is Of
the order of 1; thus, the second term in the parenthesis can be
neglected, resulting in the following expression:

6, (%z) 1noa 1)

I’k a(Ke p\Moa/Mea
W= kF_ (32) Substitution of this equation into eq 33 gives the following
A expression for the overall reaction rate:
3.3.3. Case 3: pa > noa This case is not possible if the i
surface is initially almost fully covered with the fuel. The o =Tk (@) FATIOA (42)
justification is given in the Appendix. A Koa

3.4. Initial Oxygen Coverage. If initially the dominant
surface species is oxygefAd ~ 1), then the coverage of the
fuel species is negligiblede ~ 0) and the ratio of vacant sites
is very small 0, < 1). Applying these simplifications to eq 21
yields

3.4.3. Case 3: fa < o As itis discussed in the Appendix,
this case is not possible if the surface is initially covered with
oxygen.

4. Condition of Ignition

— NFA
@ = Ike 0y (33) Conditions of heterogeneous ignition for the various cases

can be obtained by substituting the corresponding equations for
reaction rates into eq 6.
4.1. Initial Fuel Coverage, Case 1:nga = Noa. From eqs

The ratioko p/ko o can also be expressed from eq 21:

UkF,AQCF'A = ko,AH'JO"‘ —kop (34)

6 and 30
kKoo kF A r
—= = gloa — =gl (35) Kkl Ke b _A
kO,A Y kOA oT kFA ArH - Lc (43)
Ok.T -1
Koo 9““(1 okF AG”F-A“O'A) (36) g
kO'A Koa™ This expression can be rewritten using eqs 17 and 19
Similarly to eq 26, three different cases can be distinguished,
depending on the ratio of reaction orders of the adsorption of 9 A p expCEe /RT) AH= 3 (44)
reactants. aT| S X Wo ' L.
3.4.1. Case 1: pa = noa If the order of adsorption of the 0Sj Xo
0

fuel ng A is equal to the order of adsorption of oxygesa,
then nea — noa = 0, 6)7* ™4 = 1, and eq 36 can be
rearranged to

Ratio of zero coverage stlckmg coefficients has only weak
temperature dependence; thus, the denominator on the left-
handside is nearly independent of temperature. Differentiation

ko GnOA( E) @7) gives the following equation:

on s A g SXPCE/RD
This allows the estimation of the ratio of the vacant sites on Ar pEr RT2 2
the surface: S: » AH=1 (45)

0 ¢
1o A k. —1noa
0,= (@) (1 - oﬂ) (38) "S0X
Ko Ko

Rearranging this expression, the following condition of ignition

Using egs 33 and 38, reaction rabeis is obtained:
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FAHLAE pEr  exp(—E: o/RT) the composition of the gas knowing the physical constants
=1 (46) and data of experimental setup. On the other hand, if the ratio

IRT ( SFO ) b of the adsorption reaction orders is knoviey,p and A* =
Xo WF Sbo SOOAFD/S ro Can be obtained from a nonlinear least-squares

fitting from experimental ignition temperatutrgas composition
The kind of quantity calculated on the left-hand-side of this data. Ifb is not known, its value can also be determined this

equation is usually called the ignition Dafitker numberA,. way.
In eq 46, parameterd p, Erp, andS = S /So o are physical 4.3. Initial Oxygen Coverage, Case 1:Nga = Noa.
constants of adsorption and desorption. Knowing these valuesCombination of eqs 6 and 40 provides
and the other constants characteristic for the reaction and the
; P 0 koo A
experimental setup, ignition temperatufecan be calculated Z AH=2 (54)
knowing the composition of the gas by solving eq 46. On the aT @\ - ' L
other hand, this equation can be used for the determination of Ke A o

adsorption and desorption parameters from the experimental
ignition temperature vs gas composition data by nonlinear least-APPlying steps similar to the case of initial fuel coverage, the

squares fitting. following equation can be derived:

4.2. Initial Fuel Coverage, Case 2:nga < Noa. Substituting TAHL E.  exp R
eq 32 into eq 6 results in the following expression: Lo oo XPCE /RT) =1 (55)

%o [WeSo0
kOA Kep|roaeal ART (XF Wo S )
A AH=
esorption and adsorption parametassp, Eo,p, andSo, oS,
kFA D [ dad i &k, E dS0,0S

ko kE can be determined by nonlinear least-squares fitting from the
o [T ¥o,AKFD _ e .
—|= AH= C (47) measured gas compositieignition temperature data pairs.

c 4.4. Initial Oxygen Coverage, Case 2:nga > Noa. Based

aT|lo k'l;
A
. . on eq 42, the temperature derivative of the overall reaction rate
whereb = no a/n,a denotes the ratio of the adsorption orders. , can pe rearranged to

Temperature dependence of paramelters ke a, andke p have

to be taken into account at the differentiation: o0 _ Ko p|"Famoa k,: Ko, o
ot a1 Ak Ko B aT koA (56)
o _(Tonce e et 2ea)ie, + -
oT o\ oT FA ot whereb = np a/ne A denotes the ratio of the adsorption orders.
oke After differentiation
1 D
kEAbng T (48) a_a)zr ( kFA k,: b ko]_/b 1 kOA)kgb
aT aT A
Derivatives ofko a, kr,a, @andkgp with respect to temperature Ke a1 Koo
can be obtained from eqs 17 and 19 @5 1’?518—1: (57)
A
Ken _ —kea , , , : .
(49) Using the differentials (49)(51), the following expression is
K 2T obtained:
T - (50) do _ pleonib =1, (58)
ar 2T aT K& \ ot RT
8kF,D= ke oEr D (1) Substitution of eqs 17, 19, and 58 into eq 6 results in the
aT RT? following equation:
1/b 1/b—-1
Thus, eq 48 can be simplified to the following form: ArHLcr{S:,vo,D)(FV 27rRT) Xl We {1/b -1 4
b
o0 T Koakiolb—1, E S P (Xo/y o)™\
T e ’D( r R:;)) 42 1622 exd ~20| =1 (50)
ke RT2 bRT

Starting from eq 47, and using the expression (52), (17), and Again, this equation can be used for the calculation of ignition
(19) forko a, ke, andke p, respectively, results in the following ~ temperature if all data are known or for the determination of

equation: unknown parameters from the experimental data.
Similarly to eq 46, the left-hand-sides of egs 53, 55, and 59
AHLT (S Aol [TvzaRT" ™ X/ Wo [b— 1 calculate quantities that are called Daihiles number of
+ ignition.
o gy \ P oy 2T
E —bE, 5. Comparison with Previous Studies on Heterogeneous
FDl ax Pl=1 (53) Ignition
RT?2 RT

The gqualitative meaning of eqs 46, 53, 55, and 59 is that the
Using eq 53, the ignition temperatufecan be calculated from  ignition temperature depends on the parameters of the experi-
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ment, like experimental geometry and heat conductivity of gases, matrix S = {dYi/op} shows the effect of a small change in
and also depends on parameters of the reaction system, likgparameteip, on model outputy;. Matrix S is composed from
enthalpy of the reaction, ratio of zero coverage sticking several normalized sensitivity matrixes, calculated at the condi-
coefficients, and the desorption Arrhenius parameter of the tions of each measured data point using the fitting equation (for
species that covers the surface initially. It might be surprising details see ref 32). Eigenvectors of mat® show if the
that ignition temperature is completely independent of the rate parameters are independent of each other, and the corresponding
parameters of surface reactions. This result is in agreement witheigenvalues indicate the effectiveness of single parameters or
the sensitivity analysis results of Vlachos and Westmoreténd. parameter groups defined by the eigenvectors. For example, in
They modeled catalytic ignition of #&ir mixtures over platinum  the case of three parameters, the eigenvector (1.00, 0.00, 0.00)
with detailed transport, gas-phase, and surface kinetics and foundneans that the first parameter is independent from the other
that catalytic ignition temperature is sensitive to the rate of two; the eigenvector (0.00-0.71, 0.71) related to a high
competitive dissociative adsorption of,Hand Q and the eigenvalue means that the model output is determined by the
desorption of H(s). Bui et & did a similar sensitivity study  ratio of the 2nd and 3rd parameters. The effectiveness of a
on surface ignition of methane/oxygen/air mixtures and also parameter within a parameter group can be characterized by
found that dissociative adsorption of molecular oxygen and the the square of the corresponding eigenvector component. The
decomposition of methane on the surface are the most importantparameter estimation process was combined with the principal
steps in affecting ignition. Deutschmann et®atudied the component analysis, and the results indicated that in some cases
catalytic ignition of H, CO, and CH. They stated that “a  a transformation of the fitting equations was necessary, as
prerequisite for catalytic ignition is the availability of a sufficient described in the following sections. The Levenbekgrquardt
number of uncovered surface sites” and that kinetic data for (LM) algorithm encoded by P. Holpand E. Kesz&? was used
adsorption and desorption are critical for the ignition process. for the nonlinear least-squares fits.

There are several theoretical studies on catalytic ignition in ~ 6.1. Ignition of CO on Pt Surface. Catalytic oxidation of
the literature. These include modeling of the chemical reactions carbon-monoxide can be described by the following equations:
using detailed surface and gas-phase kinétf¢si423detailed
gas-phase kinetics coupled with one-step surface reaétmne- CO+ Pt(s)=CO(s) (R1)
step surface reaction on§1>2527 or steady-state approximation

for surface reaction®-3° Some authors used the wire in flow O, + 2 P(s)=20(s) (R2)
geometry$:23.2527.28 gnd others considered stagnation flow

configuration?7:13-15232426.30 |n some cases, authors used CO(s)+ O(s)— CO,(s) + Pi(s) (R3)
experimentally determined values for the adsorption and de-

sorption parameters, and in other cases, theoretically ap- CO,(s)— CO, + Pt(s) (R4)

proximated values were used. In these studies, the predicted

ignition temperature vs equivalence ratio functions were usually The overall reaction of CO combustion is C0.5 G, — COy;
more or less in accordance with the experimental data. Thethus,o = 0.5 andm = 1.

determination of adsorption and desorption parameters was not 6.1.1. Literature Data for Adsorption and Desorption Pa-

attempted from the experimental data in any of these articles. "ametersExperiments show that increasing the fuel/oxygen ratio
the ignition temperature increases, indicating that initially the

6. Interpretation of Experimental Heterogeneous Ignition surface is covered with CO. No experimental result was found
Data on the order of adsorption and desorption of CO, but most
modeling studies assume second-order adsorptigs A =

We have found more than 50 publications dealing with 2)3934-37 gnd first-order desorptiomgop = 1).3.9:11.34.3740
heterogeneous ignition. Most of these articles were published ~ Adsorption and desorption of n the Pt(111) surface was
in the past decade, indicating a significant interest in this field. investigated by Campbell et using molecular beam/surface
However, only one dozen articles report experimental ignition scattering techniques. Desorption was found to be of almost
temperature measurements. In the following sections, a part ofsecond order, whereas adsorption was of second order at 320
these experimental data are reanalyzed using the analyticalk and of first order at 520 K, closer to the heterogeneous
expressions derived on the dependence of ignition temperaturegnition temperatures. Williams et .4 studied OH radical
from experimental and physical parameters. desorption from polycrystalline Pt foil exposed to mixtures of

In all cases, the experimental data were digitized from the H,, O,, and HO for surface temperatures between 1000 and
original publications, and the experimental conditions were 1800 K by laser-induced fluorescence. Data were analyzed using
extracted from the text of the article. The utility programs of first-order adsorption and desorption, but they claimed that
the CHEMKIN-II packagé' were used for the calculation of  “using second-order adsorption/desorption did not affect the
parameters such as thermal conductivity and viscosity of gasqualitative results of our model calculations”. Some modeling
mixtures at a given temperature. Knowing the experimental studies used first-order adsorpti&#&but most modeling studies
conditions, eqs 46, 53, 55, and 59 relate ignition temperature assumed second ordé€f137.394345 or third orde?>“¢adsorption.
to physical parameters, like ratio of sticking coefficients and Kulginov et al® also assumed third-order adsorption but claimed
Arrhenius parameters of desorption. The nonlinear implicit that using second-order adsorption of @ovided almost as
algebraic equations were solved numerically to obtain the good results. Peng and Daw$éifound first-order desorption
ignition temperature. The experimental ignition temperature vs kinetics of Q from polycrystalline Pt at 700 K by temperature-
gas composition data can be fitted using these equations toprogrammed desorption mass spectrometry. Some modeling
obtain the unknown physical parameters. studies assumed second oréfetl:34454849yhereas in other

An important question is if the parameters to be determined studies, the authors assumed first ofd&#°desorption kinetics.
are effective and/or independent of each other. Principal The sticking coefficient of CO on Pt surface has been
component analysi$of local sensitivity matrix is an efficient ~ measured several times. Campbell etPaletermined3;o o =
method to answer such type of questions. The local sensitivity 0.84 + 0.05 at 310 K on Pt(111) surface. Other authors
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determined zero coverage sticking coefficients in the range of CO ignition on polycrystalline Pt
0.6-0.8 on the Pt(111) surfage®® and Scop = 1 on the 750 T T ' T
polycrystalline Pt surface Accordingly, in all modeling studies,
Sco0= 0.84 was used (see, e.g., refs 3, 11, 22, 34, 37,38, and 7001
49).
There is much larger uncertainty of the Sicking coefficient

on the polycrystalline Pt surface. Coefficients of 0.02 and 8706,
0.0556 0.14%8 and 0.167 have been measured. In modeling ~_%°°%
studies, a wide variety of temperature-independent sticking ~*
coefficients have been used, like 0.0383).0033840 0.013° 5501
0.025250.02311:14:46,590, 02797 0.03# 0.04#2480.072° 0.137
and 0.27%160Deutschmann et 816-34usually use a temperature-
dependent sticking coefficient of 0.0¢ (3001T). asol

The measured CO desorption activation energies from the 0.0 02 04 (o) 0’6 0.8 1.0
Pt(111) surface are 98and 146 kJ/mot°>4No data was found L

. \ . . " p(Co)+p(0,)
for the desorption from polycrystalline platinum. In modeling Figure 1. Surface ignition temperature for CO ignition. The experi
i ,22,34,38 39 9 11,40 - . -
studies, 125.5; 142.47 146; 152.5, and 184.1 kJ/ mental data of Rinnemo et &nd of Cho and Lafvare plotted with

moP’ have been used. solid squares and open circles, respectively. Dashed lines denote curves
The single experimentally determined desorption preexpo- fitted to the two sets of data points simultaneously, using eq 53. Fitted

nential wasAcop = 1.25 x 10% s assuming first-order ~ value of the ratio of adsorption orderstis= 1.03+ 0.10. Solid lines

desorptiorf In modeling studies, several values in the range denote fitted curves to both sets of data points using eq 60. Determined

: | = 107.2+ 12.7 kd/mol =412+ 8.
of Acop= 8.5 x 1012-9.4 x 10165 have been used assuming ﬁ:giﬂ%cg"mlg i 81 108 JmolSeodSo,0 8.5, and

first-order desorption kinetié8343740 or Ay co = 10" m? mol~*

650 T

5001

s ! assuming second-order desorption kinetics. Acp
6.1.2. Determined Adsorption and Desorption Parameters. FAHL{ s Er o exp(—Er o/RT)
The catalytic ignition of CO on Pt surfaces was studied by Cho <. W =1 (60)
and Law and Rinnemo et d.using wire in flow (WIF) ARTZ(o—F _9 _15)
experimental geometry and Garske eéfalsing stagnation point XNV We

flow geometry. The Garske data were recently reanalyzed by . . o
Aghalayam et a¥’ Data measured by Cho and Law were USIng this equation, the fitting parameters now Brév/S and

reanalyzed several timé43.15343%imilarly to the data obtained ~ 1/S Principal component analysis of eq 60 gave the following
by Rinnemo et al3.15:37 result: 1st parameter group: eigenvecter{1.00,A/S 0.00,

1/S 0.00), eigenvalue 44.8; 2nd parameter group: eigenvector
(E: 0.00,A/S 0.00, 18 —1.00), eigenvalue 6.3% 1072 3rd
parameter group: eigenvectdt: (0.00,A/S 1.00, 15 0.00),
]eigenvalue 7.3% 1075. This means that using the transformed
eq 60, all parameters can be determined separately. Blaog

Experimental CO ignition data of Cho and La%#* and
Rinnemo et af. were fitted here using eqs 46 and 53. Data of
Garske et af? and some data of Rinnemo et%atould not be
used here, because in these experiments the mole fraction o

CO was so low that the condition of full fuel coverage did not 1/S are assumed to be fitted with a small standard deviation.

fu|f||.. _ i Determination ofA/Sis also independent from the others but
Using eq 53, the ratio of adsorption ordérsvas one of the will have a higher standard deviation.

fitting parameters. Principal component analysis indicated that  The results of parameter estimation &e= 107.2+ 12.7

b is an independent and effective parameter in this case. Theyj/mol, A/S = (9.74 + 19.57) x 101, and 18 = 0.0243+

two sets of experimental data were fitted simultaneously. The g 0050. The indicated errors are 95% confidence limits. The
determined value was = 1.03+ 0.10, and the corresponding  fitted curves are shown by solid lines in Figure 1. These
fitted curves are given by dashed lines in Figure 1. Also, determined parameters were transformed to the mean values
assuming several possible integer adsorption orders, fitting wasgnd 95% confidence limits of parametdfsS, andA, taking
attempted based on eq 53 with the corresponding fxealues.  jnto account the rules of error propagation. The determined
Systematic deviation between the experimental data and theactivation energy of desorption of CO from polycrystalline Pt
calculated data of the best fit was found for all cases except for syrface wagcop = 107.24 12.7 kd/mol. The ratio of the zero

b = 1. Therefore, the adsorption reaction orders of CO apd O coverage sticking coefficients Beo,dSo,0 = 41.2+ 8.5, and

can be assumed to be equal. Assuming bhatl and using eq  the preexponential factor of the CO desorptiomig o = 4.0

46, values ofEcop, S = Sco,dSo,0 and Acop were fitted. x 1013 £ 8.1 x 1013 s7L If the desorption is a first-order
Principal component analysis of this equation gave the following reaction, the value of the preexponential factor does not depend
result: 1st parameter group: eigenvectar 1.00,S 0.00, on whether it is expressed with surface coverages or concentra-
A: 0.00), eigenvalue 12.1; 2nd parameter group: eigenvectortions. If the desorption is a second-order reaction, then the
(E: 0.00,S —0.82,A: 0.57), eigenvalue 3.5& 1075 3rd preexponential factor can be expressed with surface concentra-
parameter group: eigenvectog:( 0.00, S 0.57, A: 0.82), tions using eq 22:A'cop=1.5x 10 4+ 3.0 x 108 m?s?!
eigenvalue 3.32x 107°. This means that using eq 46, the molL

activation energy of desorption can be determined separately It has been demonstrated in the previous section that literature
and effectively, buSandA are interdependent and are separately data for the adsorption and desorption of CO from the Pt surface
not very effective. The values of eigenvector components give are controversial. Modeling studies used various estimated
the hint that ratioA/S could be fitted independently and values for parameters whose experimental values had not been
effectively. Therefore, eq 46 was transformed to the following available.Ecop = 107.2+ 12.7 kd/mol obtained here is the
form: first experimentally based determination of the activation energy
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of the desorption of CO from the polycrystalline Pt surface. H, ignition on polycrystalline Pt
This value is near to both the modeling values and the —T T T T T
experimental values measured on Pt(111). The large uncertainty
of the O sticking coefficient in the literature resulted in that 450 1
the ratio of sticking coefficients of CO and,®as been known
only with large error. The sticking coefficient for CO on
polycrystalline platinum is generally assumed to be 0.84, based 44,1
on a measuremetitfor the Pt(111) surface. Accepting it gives <
0,0 = 0.020+ 0.004. However, the sticking coefficient of a | &
polycrystal is usually higher than that of the corresponding single
crystal; therefore, the measub&&o o= 1.00 for the polycrystal
seems realistic. Accepting it provid&s,o = 0.024+ 0.004,
in accordance with a measured vahid.he determined\cop
value is in accordance with the value usually assumed in the 300 } + : .
literature, but its uncertainty is too high to represent new 0 0.2 0.4 p(H,) 0.6 08 1.0
information. = SE,)+ p(0))

Our _Study shows that the ratio of the k'net'c_ order of Figure 2. Surface ignition temperature forzhgnition. Experimental
adsorption of CO and £s one. The adsorption of CO is usually  data of Deutschmann et.#land Fassihi et & are plotted with solid
assumed to be of second order; therefore, the adsorption ordesquares and open circles, respectively. Solid lines denote fitted curves

350

of O, may also be of second order. to both sets of data points using eq 53. Fitted value of the ratio of
6.2. Ignition of H, on Pt Surface. Combustion of KO,/ adsorption orders ib = 1.08 + 0.15.
diluent gas mixtures on a Pt surface proceeds via the following
reactions: second-order kinetics, values of 5:010%%40 1.0 x 10?111.59
and 3.7x 10?1 3634364%yere used (in mol, cm, s units); in
H, + 2 Pt(s)= 2 H(s) (R1) other works, assuming first-order kineticsx110'24 5 x 102, 38
and 1x 10 3242was used.
0O, + 2 Pt(s)=2 O(s) (R2) 6.2.2. Determined Adsorption and Desorption Parameters.
Catalytic ignition of B on Pt surfaces was studied by Rinnemo
2 H(s)+ O(s)— H,O(s)+ 2 Pt(s) (R3) et al.5 Fassihi et al?® and Cho and Lafvusing wire in flow
experimental setup. Rinnemo etéatarried out measurements
H,O(s)— H,0 + Pt(s) (R4) also using a wire in stagnating gas geometry. Stagnation point
flow experiments were carried out by Fernandes et keda
The overall reaction is pH 0.5 O, — H,O; thereforeg = 0.5 et al.7® and Deutschmann et &.Note that the experimental
andm = 2. data were reanalyzed several times; for example, data obtained

6.2.1. Literature Data for Adsorption and Desorption Pa- by Fassihi et a#® were analyzed in papers 4, 5, 6, 25, 34, and
rameters.In some experiments first ord@#3 and in other data in ref 74 were studied also in ref 4.
experiments second ordéf> kinetics was found for the Experimental H ignition data from refs 28 and 74 were fitted
adsorption of hydrogen on Pt surface. In some modeling using egs 46, 53, and 60. Reference 28 contained data for the
studies?3° second-order adsorption was assumed, but in most “wire in flow” geometry, whereas ref 74 described stagnation
cases first-order adsorptioft"6.:34-36,38.43-46 \yag considered.  point flow measurements. Although the experimental conditions
Kasemo et at?> usually assume 0.5 order adsorption kinetics. were very different, both data sets could be fitted simultaneously,
Desorption was reported to be of second order in experimentaland the experimental data could be reproduced with the same
studies?®> 67 Experimental data in ref 42 were described by a physical parameters.
first-order desorption model, but these data did not exclude Value of b was also fitted using eq 53, and value lof=
second-order desorption. In some modeling studies secondl1.08+ 0.15 was obtained. The corresponding fitted curves are

ordef121.3448and in other studies first ordet25.38.39.45.44e- given in Figure 2. Just like in the case of CO, assuming several

sorption kinetics was used. possible integer adsorption orders, we found systematic deviation
The zero-coverage sticking coefficient o Bin polycrystal- between experimental and calculated data in all cases, except

line Pt surface was measured to be 0.0848,0457 0.0658.69 for b= 1. Therefore, it was assumed that the adsorption reaction

0.09/% and 0.127 Also, in some experiments, the ratio of the orders of B and Q are equal lf = 1), and then eq 46 was
sticking coefficients of Hand Q was determined. The obtained used. Principal component analysis of this equation gave the
values are 1.1* and 2.47 for the stagnation point flow  following result: 1st parameter group: eigenvecter{0.99,
configuration and 28 for the wire in the flow configuration. S —0.08, A: 0.08), eigenvalue 21.3; 2nd parameter group:
The values used in models inclug,p = 0.04636:11,34,40,46,49 eigenvectorE: —0.11,S 0.64,A: —0.76), eigenvalue 3.4%
Sy,0= 0.0551422.2538395% , = 0.5 andSy,o = 1.07:2148:60 1073, 3rd parameter group: eigenvectdr (0.00,S 0.76,A:
The ratios used in the models span a wide range front*9t65 0.65), eigenvalue 2.8& 1075 This means that using eq 46,
166.7%? Typical values areS,o/So,0 = 0.93634 Sy, /So,0 = the activation energy of desorption can be determined separately
2.0-2.5>1114.254248nd S, o/ So, 0 = 15—17.438:40 and effectively, buiS and A are interdependent. Using eq 60,
Experimental values for the activation energy of desorption the fitting parameters now arg, A/S and 16 Principal
of H, from Pt surface include 674,73.2% 74.072 and 79.5 kJ/ component analysis now gave the following result: 1st param-
mol®® for Pt(111) and 104.6 kJ/m@l for polycrystalline eter group: eigenvectorE( —1.00, A/S 0.00, 18 0.00),
platinum. In most modeling studies, 67.4 kJ/&id3436:404959  gigenvalue 6.80; 2nd parameter group: eigenvedor(.00,
was used. A/S 0.30, 16 0.96), eigenvalue 1.16& 1074 3rd parameter
No experimental measurement of the preexponential coef- group: eigenvectoi, 0.06,A/S 0.953, 1& 0.30), eigenvalue
ficient of desorption was found. In modeling studies assuming 2.02 x 10~7. Thus, all new parameters can be determined
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H, ignition on polycrystalline Pt 6.3.1. Literature Data for Adsorption and Desorption Pa-
T T T T T y T y rametersNo experimental paper was found on the determination

3 of the order of adsorption of CHIn modeling studies first
order2238 second ordet! and an order of 23336 adsorption
kinetics was assumed.

The only direct measureméhbf the sticking coefficient of
CH, on the Pt(111) surface gave 0-60.19. For this reason
0.01 was used in most modeling studi€&3%%°In a recent
paper’8 a sticking coefficient-temperature function was deter-
mined by fitting experimental data, and the sticking coefficient
of CH4 on the Pt surface was found to be &Q.0~* and almost
temperature independent.

. . There are several measurements in good accordance on the
4 0.6 0.8 1.0 activation energy of desorption of;@rom the Pt(111) surface.
=% Eo,p = 213.4 kd/mol was determined in papers 41 and 77 and
’ : 217.6 kJ/mol in paper 78. Repulsive energy of 133.9 kJ/mol
Figure 3. Surface ignition temperature for.Hgnition. Experimental was measured in ref 77. For polycrystalline platinum, no

data of Deutschmar!n et.dland Fa§S|h| et éF are plotted W|th solid experimental data was found. In all modeling stud&s,o =
squares and open circles, respectively. Solid lines denote fitted curves,210_220 K3/mol SH6.11,21,22,34,3640,42,48,49,59,61 Isi

to both sets of data points using eq 60. Determined valueg,gge= molwas used.>"* 0 a0 A epulsive
43.3+ 5.2 kI/mol,Sy,0/So,0 = 36.7+ 9.6, andAy,p = 9.43 x 1012 energy was assumed to be 380 2:34:36.394%nd 133.8 kJ/mdl.

+ 14.5x 10% Long and short dashed lines denote calculated curves  The preexponential factors used wefe,p = 1.0 x
assuming activation energsi,p = 105 and 67 kd/mol, respectively. 1114059 gnd 3.7 x 1021 3,6,3436:493ssuming second-order
o o desorption kinetics and & 10'2 3and 1x 103 43%42assuming
separately in this case. The results of parameter estimation ar;j,st.order kinetics.
E = 43.3+ 5.2 kJ/mol,A/S= (2.574+ 3.9) x 10!}, and 16=
0.0272+ 0.0071. The indicated errors are 95% confidence
limits. The fitted curves are shown by solid lines in Figure 3.
These determined parameters were transformed to the meal
values and 95% confidence limits of parametgrsS, andA.
The determined value of the activation energy of the desorptio
of H, from Pt surface i€y, p = 43.3+ 5.2 kd/mol. The ratio

0.0 0.2

6.3.2. Determined Adsorption and Desorption Parameters.
Griffin and Pfefferlé” studied the heterogeneous ignition of £H
sing a wire in flow configuration, whereas Williams et &7?
ehrend et alf? and Veser and Schmildtused the stagnation
n point flow configuration. Again, the experimental data were
reanalyzed in other papers. For example, the measurement
of the zero coverage sticking coefficientsds, oSo,o = 36.7 described in ref 16 was investigated in papers 11, 76, and 81;

+ 9.6, and the preexponential factor of the #kesorption is the measurement of ref_ 80 i_n papers 3, 22 and 76; the

A, = 9.43x 1012+ 14.5 x 1012 5L, If the desorption is a measurement of ref 18 in articles 39, 76 and 82; and the
5 . : : > e

second-order reaction, the value of the preexponential factor Méasurement of ref 171in article 76.

depends on whether it is expressed with surface coverages Experimental CH ignition data obtained by Veser and

or concentrations. The preexponential factor expressed with Schmidt® were fitted using egs 55 and 59. Data in the other
surface concentrations &n,p = 3.5 x 107 + 5.4 x 1017 m2 papers were not fitted, because data obtained by Williams et

st mol~L. al.t679were near to those measured by Veser and Schihidt,

The determinedEn,p = 43.3+ 5.2 kd/mol is considerably but the ignitior_1 temperature values could not be read accurately
lower than the single experimental value of 104.6 kd/mol from the published plot, and the data obtained by Behrend et
published® in 1974. No newer results were found in the al 80 refer mostly to rich mixtures _W_here the condition of full
literature for polycrystalline platinum. The value of 67.4 kJ/ ©OXygen coverage may not be satisfied.
mol used in modeling studies was published by Norton etal. in  First, eq 59 was used, whebewas also a fitting parameter,
1982, and it refers to a single crystal platinum surface; thus, it and a value ob = 0.95+ 0.25 was obtained. The fitted curve
cannot be compared directly with the value obtained here. Figureis presented in Figure 4. Assuming that the adsorption orders
3 shows that the previously used values of 67.4 and 104.6 kJ/are integers, systematic deviation between the experimental and
mol do not reproduce the ignition temperature measurements.calculated data was not found only in the case when the
The determined\y, p value is in the range of the literature data, adsorption orders were equdl € 1). Therefore, the value of
but its uncertainty is too high to represent new information. b was fixed at 1.0. Principal component analysis of eq 55 gave
Using So,0 = 0.024 determined in the previous secti8n,o = the following results: 1st parameter group, eigenvectar (
0.88 + 0.40 can be predicted. This is higher than the —0.998,S —0.057,A: 0.000) eigenvalue 31.5; 2nd parameter
experimental values but close to the values used in many group, eigenvectol. 0.054,S —0.996,A: —0.078) eigenvalue
modeling studies. Assuming that the order of adsorption of 1.23 x 1072, 3rd parameter group, eigenvectd: (0.000,S
oxygen is two results in second-order adsorption of hydrogen. —0.076,A: 0.996) eigenvalue 4.26 10-5. Therefore, in this

6.3. Ignition of CH4 on Pt Surface: Parameters of Q case, all parameters are independent of each other, and the
Adsorption/Desorption on Pt. Unlike in the case of the  original eq 55 can be usello,p = 190 £ 34 kJ/mol,Ao,p =
heterogeneous ignition of CO and,,Hn the case of Ch 7.5x 108 + 35 x 10" s7%, andSp, o/Scr,0 = 5.9+ 0.3 were
increasing the fuel/oxygen ratio of the gas the ignition temper- obtained for the activation energy and the preexponential factor
ature decreases, because the surface is initially almost fully of the desorption of oxygen and the ratio of the zero coverage
covered with oxygen atoms. The other difference is that the sticking coefficients, respectively. Assuming second-order kinet-
dissociative adsorption of CHs irreversible; that is, Clicannot ics for oxygen desorption, the preexponential factor expressed
desorb from the Pt surface. The overall reaction is;GHO, with surface coverages &8o,p = 2.8 x 1018 4+ 13 x 108 m?

— CO, + 2H,0; thereforeg = 2 andm = 2. s 1 mol™L. The plot of the fitting is shown in Figure 5.
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CH, ignition on polycrystalline Pt parameters, and the physical parameters of the adsorption/
950 = ' T - " - ] desorption equilibria. These equations can be used to predict
] the ignition temperature as a function of the composition of
9001 ] the gas, if the physical parameters of adsorption and desorp-
] tion and the parameters of the experimental setup are known.
850 1 On the other hand, the equations can be applied to evaluate
« heterogeneous ignition temperature measurements and to ob-
~ 1 tain unknown physical parameters via nonlinear least-squares
17800 1 fitting.
The new method was used to determine the activation energy
7501 . of desorption of CO, B and Q from the polycrystalline
1 platinum surface. In addition, the ratios of the zero coverage
700 : : . " : ] sticking coefficientsSco,dSo,,0, SH,.0/S0,.0, @aNd So,,0/ScH, 0 @and
0.0 0.2 0.4 H(CH.) 0.6 038 1.0 the ratios of adsorption orders were also determined. The results
“=m are summarized in Table 1. The adsorptiatesorption param-

Figure 4. Surface ignition temperature for Ghgnition. Dots show eters obtained were tested by galculat?ng the predicted. ignition
the experimental data of Veser and Schrifidtnd the solid line denotes te_mperature Vs equivalence ratio functions and comparing them
the fitted curve using eq 59. The fitted value of the ratio of adsorption with the experimental data.

orders isb = 0.95+ 0.26. The larger difference between the fitted Table 1 shows that the experimentally determined values of

curve and the last three experimental values can be attributed to the - ]
fact that the condition of full oxygen coverage is not fulfilled in the the parameters of adsorption and desorption have been contra-

case of these rich mixtures. dictory, and in many cases, only estimated values were available.
The estimated values, used in modeling studies, usually span a
050 CH, ignition on polycrystalline Pt very wide range. This work contains the first determination of

desorption activation energy of CO and fiom the polycrys-
talline platinum surface. A new value was proposed for that

9001 data of H, and the previously used data were shown not to
asol ] reproduce the ignition temperature measurements. Confidence
intervals of the parameters depend on the quality and the

< 800 ] guantity of the available literature data. In general, ignition
e temperatures are very sensitive to the activation energy of
= 7501 ] desorption of the species that covers the cold catalyst and the

] ratio of the sticking coefficients. Only an order of magnitude

2001 ] estimation can be given for the preexponential factor of
desorption, because the ignition temperature is not sensitive to
650 : : : ) : ] it. When new, comprehensive and accurate, experimental data

0.0 0.2 0.4 S(CH.) 0.6 0.8 1.0 will be available, using this method, the adsorption and
a=m desorption parameters could be determined with narrower

Figure 5. Surface ignition temperature for GHgnition. Dots confidence intervals.

show the experimental data of Veser and Schifidhd the solid line Until now, the most frequently used catalyst was the
denotes the fitted curve using eq 55. Fitted valuesEage = 190 + polycrystalline platinum, and the most frequently used fuels were
fgl3|<3/m0|,502,o/5cm,0 =5.9+ 0.3, andAo,p = 7.5 x 10"+ 35 x H,, CO, and CH. More practical applications of heterogeneous

ignition systems induce the applications of new catalysts and
other fuels. The method described here can be used for other
fuel—oxygen mixtures and catalyst surfaces where the adsorption
of one of the reactants is considerably higher than that of
the other one. It can be used to determine adsorption and
desorption parameters for other heterogeneous systems. The
only constraint is the assumption of the initial full coverage
of one of the reactants, which is satisfied in most cases, though
it may fail at extreme low partial pressures of the dominant
surface species or if the partial pressures of the reactants are

A new method has been developed for the evaluation of Very low (in the latter case the ratio of vacant sites is not
heterogeneous ignition temperature measurements using aregligible). The conditions of full coverage are discussed in
analytical model, which is based on the heat balance and thethe Appendix.

Frank—=Kamenetskii condition. It is assumed that the compli-

cated heterogeneous ignition mechanism can be basically

described by four main steps: adsorptiatesorption equilib- Acknowledgment. Support by the Hungarian Science Foun-
rium of fuel and oxygen, the fast surface reaction of adsorbed dation (OTKA No. T025875) and by the travel Grant M-4/98
species, and the desorption of products. The rate-limiting are gratefully acknowledged. C.T. acknowledges the support
step is the desorption of the dominant species from the by CONACyYT, Mexico, under Grant 33349-U. The authors
surface of the catalyst. Equations were deduced to relate thethank Valerie Dupont for helpful discussions and Prof. 'Erno
ignition temperature to the gas composition, the experimental Keszei for providing us his Marquardt fitting program.

The obtainedEq,p = 190 + 34 kJ/mol is near to the
previously determined experimental and estimated modeling
values. Assumingo,o = 0.024, which was deduced from the
CO ignition dataSch, 0 = 0.0041+ 0.0009 is obtained, which
is between the directly and indirectly® determined experi-
mental values.

7. Conclusions
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TABLE 1: Summary of the Comparison of Adsorption and Desorption Parameters Obtained Here with the Experimentally
Determined and the Previously Estimated Ones (References are Available in the Text)

value determined

experimental

experimental

estimated values

here for value for value for for polycrystalline
polycrystalline Pt polycrystalline Pt Pt(111) Pt used in models
Eco,p 107.2:12.7 kJ/mol N/A 98 kJ/mol 125:5184.1 kJ/mol
146 kJ/mol
So0 1.00 0.6-0.84 0.84
0,0 0.02-0.16 N/A 0.003-0.279
S0,0S0,,0 41.2£8.5 6.25-50# N/A 3-280
CO, O, adsorption orders NcoaNo,a = 1 Ncoa= N/A Ncoa= N/A Ncoa= 2
No,a =1o0r2 No,a = 1o0r2 No,a = 2 (or 1 or 3)
En,,0 43.3+5.2 kd/mol 104.6 kJ/mol 6779.5 kJ/mol 67.4 kJ/mol
S0 0.0045-0.12 N/A 0.046-1.0
0,0 0.02-0.16 N/A 0.003-0.279
Sh,,0/S0,,0 36.74:9.¢ 0.028-6.0¢ N/A 0.65-166.7
1.17-2.6
H,, O, adsorption orders Nh,a/No,A = 1 Niya = 101 2 N,a = N/A Nu,a = 0.50r L or2
No,a =1o0r2 No,a = 1o0r2 No,a = 2 (or 1 or 3)
Eo,p 190+34 kJ/mol N/A 213.4 kd/mol 216220 kJ/mol
217.6 kd/mol
ScHa0 N/A 0.01-0.19 0.0006-0.01
So,0 0.02-0.16 N/A 0.003-0.279
0,0/ ScH,0 5.9+0.3 N/A N/A 0.3—465
CH,, O adsorption orders Nchga/Noa = 1 Nchia = N/A Ner,a = N/A Nch,a=1o0r2or2.3
No,a =1o0r2 No,a = 1o0r2 No,a = 2 (or 1 or 3)

2Ratio of independently measured sticking coefficiehRatio of the sticking coefficients was measured directi@ives S,0 = 0.024 +
0.004 assuming th&coo = 1. ¢ Gives Sy,0 = 0.884 0.40 assuming theo,o = 0.024.° Gives S,0 = 0.00414+ 0.0009 assuming th&o,o =
0.024.
Appendix As it will be shown in the following sections, the sign bf
determines the dominant surface species. The larger the absolute

nditions for the Full Cover f th lyst with Fuel . .
Conditions for the Full Coverage of the Catalyst with Fue value ofN is, the faster the homogeneous surface coverage is

or Oxygen. At low temperature, desorption of fuel and oxygen

can be neglected and egs 8 and 9 can be rewritten to re%c;seed.ofN > 0.1f N is positive, then from eq A5
doe wg de do
—— =Ml — — (A1) —F. M=o
dt r d 20 dt (A8)
dﬁ) —or %o (A2) Assume that all products desorb immediately. In this cése,
dt oA T ~ 0, and 6 + 6o + 6, ~ 1. It is known from several

experimental studies that, below the ignition temperature, the
surface of the catalyst is almost completely covered with the
reactants; thus, the ratio of the vacant sites is ldy:~ 0.
Therefore 0 + 0o ~ 1, and d¢/dt = —dOo/dt, which means
that de/dt > 0 > dOo/dt. The result is the full fuel coverage:
9|: —1 and@o — 0.

Examine eq A7 to obtain the condition of the full fuel
coverage

The rate of the overall reactian is related to the consumption
rates of fuelwr and oxygenwo:

_Wp g
w="=5 (A3)

Replacing consumption rates by the rate of overall reaation
in eqs Al and A2 and combining these two equations gives

N = mi 403 = Tl a0 = 0 (A9)
do do ’ o~
1 Uoe _1UWo 1
md AT a0 A9
m at od o Divide both sides witmko A0,"* and reformulate the inequal-
do do Ity
_F_m_ozmrFA_erA (A5)
d 20 dt Hg @ Ke.a noa—N
o2 > groanen (A10)
DenoteN the right-hand side of eq A5 A
m Three different cases can be distinguisheg;a — nga = 0O;
N=mr,—"Toa (A6) Noa — Nea > 0; andnoa — Nea < 0.

No.a = Nea. In this case, the right-hand side of eq A10 is 1.
Therefore, using eq 17

— NFA m, No.A O&:Oﬁﬁ V\_/O> 1
N = mk 10" = ko a0, (A7) Koa  SooXoV We

Substitute eq 17 into A6

(A11)
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