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The catalytic ignition, i.e., the sudden transition from kinetic control to mass transport control.
of nonflammable H,/O; mixtures in N; at 1 atm, was in this work investigated experimentally and
theoretically. Specifically the dependence of the ignition temperature (where the reaction self-
accelerates due to the released chemical power) on the H,/O, mixing ratio has been measured and
simulated by model calculations. The latter take explicitly into account the surface kinetics of the
reaction as well as mass and heat transport. The experimentally observed trend of increasing Ty,
with increasing H,/O, ratio can, via the simulations, be attributed to a combination of the hydrogen
desorption kinetics and a weaker coverage dependence for H, sticking than for O, sticking on the
surface. The numerical solution of the full model is compared with an approximate analytical

expression for Tiy,. ¢ 1993 Academic Press, Inc.

1. INTRODUCTION

Catalytic ignition ({, 2) is the phenomenon
in exothermic surface-catalyzed reactions
where the temperature and reaction rate
self-accelerate due to heating of the sub-
strate via the released chemical power.
More precisely the ignition temperature,
T, . 1s defined (/) as the temperature where
the derivative, with respect to temperature,
of the released chemical power in the reac-
tion becomes larger than the corresponding
derivative of the total power loss [due to
cooling by the gas, radiation, and heat con-
duction (7, 2)]. Prior to ignition, the rate of
the reaction is primarily controlled by the
reaction kinetics and the mass and tempera-
ture gradients are weak. After ignition, in
steady state, the reaction is primarily mass
transport controlled and mass and tempera-
ture gradients may therefore be strong.

The phenomenon has both practical and
scientific interest. For example, catalytic ig-
nition (light-off) in catalytic car exhaust
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converters is a prerequisite for their proper
function; prior to ignition the catalytic con-
verter does not clean the exhaust gases.
From a scientific point of view, catalytic
ignition is an interesting transient phenome-
non and a central ingredient in certain kinds
of catalytic reaction oscillations. The igni-
tion condition can also, in principle, be used
to extract kinetic information.

The literature on catalytic ignition is ex-
tensive (2-/0). As a rule, the surface kinet-
ics are not treated explicitly in the theoreti-
cal models, but rather represented by
assumed or empirical dependencies of the
reaction rate on reactant concentrations in
the gas phase, close to the catalyst surface.
An explicit treatment requires a Kkinetic
model, including a description of how sur-
face coverages depend on gas-phase con-
centrations close to the surface, on desorp-
tion from and reaction on the surface etc.
An approach of this type, including a treat-
ment of the coupled surface kinetics mass
and heat transport problem, is taken here
for the H,—O, reaction on Pt. The treatment
is partly based on earlier work in our labora-
tory (7). A similar approach has been used
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for CO oxidation on Pt by Harold and
Garske (8-10).

We present new experimental data and a
theoretical model that describes the depen-
dence of T, on the H,/O, ratio in nonflam-
mable H,/O, mixtures in N, at | atm. The
main objective was to measure and under-
stand, via the theoretical model, the depen-
dence of T,,, on the H,/O; ratio. In our treat-
ment, we use a different and, as we argue
below, a more realistic model than recently
employed by Russberg (7a) to analyze early
experimental data (//-13) from our labora-
tory. [In Ref. (7a) the coverage dependen-
cies of oxygen and hydrogen adsorption
were identical, and the known (/4, I5) cov-
erage dependence of the rate constant for H,
desorption was not included.] The kinetic
model used here has been described in a
recent publication (16), where the model is
shown to give excellent agreement with ex-
perimentally measured kinetics for OH and
H,O production on Pt in H,/O, mixtures at
pressures =100 mTorr and temperatures
1000-1300 K. Thus the kinetic model was
originally designed for experimental condi-
tions other than those in this work. The fact
that it produces good agreement also with
the present data lends additional support for
the model.

2. EXPERIMENTAL SYSTEM
AND PROCEDURE

Details of the experiment have been de-
scribed before (/7). In short, it consists of
flowing a gas mixture of typically <4% H,
and <20% O, in N,, at a constant total pres-
sure of 1 atm, over a Pt wire of 0.127 mm
diameter and 17 mm length (Fig. 1). The
reactant pressure py. + po, was Kept con-
stant at 45 Torr. The nominal purity of the
platinum wire, obtained from Material Re-
search Corporation, was 99.995%. It is
known that platinum contains Si. It has been
shown, however, that this impurity may be
removed by proper high-temperature treat-
ment in H,/O, mixtures (/3). This method
has been improved further by cycles of ex-
tensive heating in oxygen (~600 K, 20 min),
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Fic. 1. (a) The early ignition temperature measure-
ments were performed in a system with on-line mass
spectrometry to follow H; and O, consumption and
H,O production, as described in Refs. (/1, 18). (b) The
measurements presented here were made in a modified
version of the reaction cell in order to optimize the
ignition temperature measurements, without perturba-
tion from the mass spectrometer sampling device. In
this case the gas mixture is injected into the cell, while
the temperature of the catalyst can be derived from
the resistivity of Pt. The temperature is externally con-
trolled by a constant curreat generator.

followed by immersion in hydrofluoric acid
(pro analysi, 40%). The effect of this treat-
ment is manifested in sfower passivation (in-
crease inignition temperature; see Keck and
Kasemo (/3)] of the Pt wire in the reaction
mixture. 1t is therefore likely that the purity
of the wire after these treatments actually
was higher than the number quoted above.

A typical gas-flow velocity was 0.9 cm/s.
In this velocity range the measured T, is
quite insensitive to variation in flow veloc-
ity. The wire is mounted diametrically in a
cylindrical quartz tube (¢ = 19 mm, length
22 cm), in a four-point probe arrangement
to allow simultaneous resistive heating and
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temperature measurement of the Pt wire via
its temperature-dependent resistivity. Con-
sumption of H, and O, can be measured
mass spectrometrically by sampling gas
very close (~0.1 mm) to the catalyst (Fig.
la). Most of the present measurements
were, however, made without mass spectro-
metric control (Fig. 1b). Reasonable surface
purity control is achieved via the value of
T, at a fixed H,/O, mixture, as calibrated
by Auger electron spectroscopy (/3). When
the cleaning procedure developed in (/3)
was followed, and short time allowed be-
tween cleaning and ignition, reproducible
data with low scatter were obtained. More
specifically this procedure was as follows.

The catalyst was cleaned from adsorbed
impurities for 2 min in a reactant mixture
with a = 0.15 at 1350 K in a flow of 550
cm*/min (3.2 cm/s). [Here and below « is
defined as o = py /(py, + po.), where py.
and p, are the partial pressures of H, and
0,, respectively.] Then, the reactor was
cooled by a flow of N, through the reactor,
and externally by forced air convection, for
2 min. The desired reactant mixture was
thereafter introduced and the system al-
lowed to stabilize for 2 min. The tempera-
ture of the wire was then increased by suc-
cessively increasing the current in small
steps. The steps were adjusted such that the
time needed to reach the ignition tempera-
ture was always approximately 2 min for
all probed a-values. Well below ignition the
temperature stabilized at a constant value
after 5-10 s (i.e., steady state was estab-
lished after each step). After the ignition
trace had been recorded (Fig. 2), the next
measurement was started with a new clean-
ing procedure. The sensitivity of the T,
measurements to the duration of the experi-
ment was significant but not too large. If,
for example, the wire was held for 13 min
at 385 K in an « = (.67 reactant mixture,
prior to the ignition run, the ignition temper-
ature increased ~ 10 K above the mean value
obtained with the standard procedure, due
to contamination.

The high-temperature treatments of the Pt
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F1G. 2. Measured catalyst temperature as a function
of time for o = 0.5 and 0.67, respectively. In both cases
the total pressure of the gas mixture is 760 Torr and
pu, + po, = 45 Torr. The behavior of the T vs time
trace is éxplained in the text.

sample in H,/O, mixtures result in extensive
recrystallization and facetting. As discussed
in (/7), this can give rise to large crystalline
grains, probably with (111) surfaces, which
caninfluence the absolute rate of conversion
and to some extent sticking coefficients.
However, it will not influence the main point
of concern here, namely the variation of T,
with « and its kinetic origin.

£n

3. EXPERIMENTAL RESULTS

Figure 2 shows two recorded ‘‘ignition
traces’’ (for &« = 0.5 and o = 0.67, respec-
tively), after two consequent small stepwise
increases in the external heating current.
After the last stepwise increase in the cur-
rent, the temperature first increases slowly
due to the thermal inertia of the system and
then rapidly. The experimental ignition tem-
perature is here taken as the point where
the temperature started to self-accelerate in
the T vs time trace (this empirical definition
of T, is equivalent to the Frank-Kamenet-
skii criterion). A more detailed discussion
of the definition of the ignition temperature
will be given in a forthcoming publication.

The overshoots in the T vs f curves, just
after ignition, are due to temporarily larger
concentrations of reactants just outside the
catalyst surface, because the steady-state
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reactant gradients in the mass-controlled re-
gime have not yet been established. Ignition
temperatures were measured, as in Fig. 2,
for a large number of a-values. The results
are compiled in Fig. 7 and discussed in Sec-
tion 5. The magnitude of the error bars in
Fig. 7 derives mainly from uncertainties in
«. The vertical error bars are comparable
with the diameter of the filled circles.

The main focus of our analysis in the next
paragraphs is the observed monotonic rise
in T, with increasing « (Fig. 7). This in-
crease is contrary to what one might intu-
itively have expected, based on an assump-
tion of simple, competitive adsorption/
desorption kinetics for H, and O,, since the
activation barrier for hydrogen desorption is
much lower than that for oxygen desorption.

For large a-values the ignition becomes
less and less distinct, and for « > 0.75 an
ignition step cannot be distinguished. For
a-values <0.1, no experimental points are
presented. The reason is a rapid drop in
ignition temperature, with poor reproduc-
ibility and ignition already at or below room
temperature. Possible reasons for both
these results are discussed later.

4. THEORETICAL MODEL

The modeling proceeds along the follow-
ing lines. Since it is possible to establish a
steady state at any temperature below T, ,
we can approximate the system by steady-
state solutions both for the kinetics and for
the mass and heat transport, to simulate 7,
vs . For the kinetics we employ a simplified
version of a recently developed model (/6),
of the Langmuir-Hinshelwood type, includ-
ing the essential known features of the hy-
drogen—oxygen reaction kinetics on poly-
crystalline platinum. For mass and heat
transport we derive analytical expressions
using the cylindrical symmetry around the
wire catalyst and taking into account a finite
gas-flow velocity. The influence of mass
transport is weak, prior to and at ignition,
due to the fairly low conversion rate of re-
actants to H,O in this regime, which permits
us to use a simplified treatment of the mass

441

and heat transport. For the latter, a linear
dependence of the catalyst temperature is
assumed, which is supported by measure-
ments with nonreactive N,/H, and N,/O,
mixtures.

4.1.

The kinetics of the hydrogen—oxygen re-
action has been studied by many groups [see
the review (/9) and references in recent pub-
lications (16-18, 20-26)]. 1t is generally ac-
cepted that the dominant reaction is of the
Langmuir-Hinshelwood type and occurs
via one of the following steps for water for-
mation:

Kinetics

H* + OH*— H,0 (1)
OH® + OH?— H,0 + O, (2)

where the superscript a refers to adsorbed
particles. In the full model (/6), hydrogen
and oxygen adsorbs dissociatively and com-
petitively. H and O react to form OH. OH
reacts along (1) and/or (2) to form H,O,
which desorbs. For the present purpose it
is sufficient to employ a simplified version
of the full model. The simplifications are
outlined below and are detailed in (/6). The
reaction is known to be quite fast at room
temperature and above, due to fairly low
activation barriers [chemisorbed oxygen
and hydrogen react on Pt with measurable
rate even at temperatures as low as 120 K
(22, 23, 27)]. This has several important con-
sequences (/6): (1) It means that the reaction
kinetics can be described in the steady-state
(SS) approximation at least up to, but even
during ignition; (ii) the steady-state reaction
rate is in fact independent of which of the
routes (1) or (2) that dominates; and (iii) at
the temperatures and reactant pressures of
interest the oxygen and hydroxyl desorption
rates are negligible and the adsorption rates
of oxygen and hydrogen are small in com-
parison with the rate constants correspond-
ing to OH and H,O formation. The surface
is therefore (prior to ignition) covered pre-
dominantly by hydrogen (i.e., O, < 04 =
) in the hydrogen excess regime, and by
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oxygen (i.e., Oy < 0y = 0) at sufficiently
large oxygen excess (Qg, Oy, and O are
the hydrogen, oxygen, and total coverages,
respectively). In the former case, the hydro-
gen desorption compensates the hydrogen
excess and we have

280, (O)F,, + ki, ©7 = Sy, (O)Fy,, (3)

where S, (0) and Sy, (O) are the coverage-
dependent sticking coefficients, F, and
F,, are the surface impingement rates,
which are proportional to the reactant pres-
sures near the platinum wire, and 4{, is the
desorption rate constant for hydrogen.
Equation (3) expresses that all oxygen mole-
cules that stick on the surface react with
hydrogen to form water and that all stuck
hydrogen molecules either react to water or
desorb.

In the oxygen excess case, the hydrogen
desorption rate is to a first approximation
negligible due to low coverage and rapid
reaction with oxygen. Oxygen desorption is
negligible due to the large activation barrier
for desorption. The reaction kinetics in this
regime are thus described by

280, (O)F, = Sy, (O)Fy,. (4)

(Note that the coverage dependence of
Sy, must be weaker than that of S, , other-
wise we obtain the trivial solution of Eq. (4)
that the oxygen coverage is equal to one in
the oxygen excess regime.)

The rate of water production, rf, o, is in
both cases equal to twice the rate of oxygen
adsorption

rh,o = 20, (®)Fo,. (5)

By changing the reaction conditions [e.g.,
changing the relative hydrogen pressure in
the reactant mixture, « = py /(py, + po,)ls
one can force the system from one excess
regime to the other. At very high tempera-
tures, T = 1000 K, when the hydrogen cov-
erage is low, the transition from dominance
of hydrogen (oxygen) to oxygen (hydrogen)
on the surface occurs at 2§, (0)F, =
Sy, (0)Fy;, . which can be used to obtain the
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zero coverage sticking coefficients for H,
and O, (/6). In the present case, however,
the situation is somewhat more complex
(see below).

To calculate the kinetics, the following
functions are used to describe the adsorp-
tion/desorption processes:

S0,(©) = So,(0)1 — ©)* (6)
S, (©) = Sy, (01 - ©)" 7)
kiy, = vexpl - (E§ — AT, (8)

where S, (0) = 0.02 and Sy, (0) = 0.05 are
the sticking coefficients at low coverages
(16), v = 10" s~ ! the preexponential factor
for hydrogen desorption, and ES = 19 kcal/
mol the desorption activation energy for hy-
drogen at low coverages (I4, 15, 28) (here
and below, Boltzmann’s constant is set to
unity). The available data on the parameter
A and exponents x, y, and z are as follows:

(i) Thermal desorption (/4) and adsorp-
tion isotherms (/5) for hydrogen on Pt(111)
can be reasonably described (28) by em-
ploying A = 7 kcal/mol and z = 1.

(i1) The coverage dependence of the hy-
drogen sticking coefficient on Pt(I11) is
rather strong (y = 2) if the surface is covered
by hydrogen (/4, 19) and weak [y = 1 (/9)
ory = 021/, 29)] if the surface is covered
by oxygen. On the other hand, the hydrogen
sticking coefficient for polycrystalline plati-
num is fairly weakly dependent on coverage
(y < 1) even if the surface is covered by
hydrogen (30).

(iii) The coverage dependence of the oxy-
gen sticking coefficient can be described by
Eq. (6) with x = 2 if the surface is covered
by oxygen (3/, 32). Data for the surface cov-
ered by hydrogen are not available.

(iv) We do not need to consider the
weak T-dependencies of the sticking coeffi-
cients (14, 20, 31, 33, 34).

Our simulations show that the Pt surface
before and during ignition is covered by hy-
drogen (if @ is not too small). After ignition,
the surface is covered by oxygen up to «
around 0.43. For larger «a it is predominantly
hydrogen covered even after ignition (see
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F1G. 3. Graphic solution of Eq. (3) forx = 2, v =
0.5.z=1,A =7 kcal/mol. py, + Po, = = 45 Torr, and
T = 400 K. The curve labeled L" 02 (solid line) shows
the hydrogen desorption rate, as d function of coverage.
The other curves show the coverage dependence of
the difference between the hydrogen adsorption rate
and the doubled oxygen adsorption rate, i.e.,
Sy, (OFH, — 280 (OF, . At a > ), Eq. (3) has
a single solution (2% is deﬁned by the condition
Sy (OFy, =25, (O)F()) Atal < a <, Eq. (3) has
two solutions. At a = «/,, Eq (3) again has only one
solution. Finally. at a < a,, Eq (3) has no solution.
In the latter range (and also at !, < a < o) Eq. (4)
applies. Its solutions are simply lhe intersection of the
adsorption differences curves with the abscissa. The
curves correspond to a@ = 0.2, & = o = 0.166, a =

0.12, a = &/, = 0.073. and a = 0.02, respectively.

below). In the postignition regime the reac-
tion rate is limited by reactant diffusion to
the surface. Thus, the dependence of the
sticking coefficients on the oxygen coverage
is of minor importance for the present treat-
ment, and we assume that this dependence
is the same as when the surface is covered
by hydrogen. In addition, on the basis of
the available data (27, 29-32), we assume
that the coverage dependence of the oxygen
sticking coefficient is stronger than that for
hydrogen (y < x = 2-3).

If x >y, Eq. (3), with expressions (6)—(8),
has a unique solution at a > a?, (see the
graphic solution in Fig. 3), where with our
choice of initial sticking coefficients, af, =
0.17. Note that &%, corresponds to the spe-
cific condition 250 (O)FO SH (O)FH For
this condition one might conclude that the
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surface is uncovered. In reality this will not
be the case, however, since if the coverage
were very close to zero, but finite, the asym-
metry in sticking coefficients would cause
the hydrogen coverage to increase, until the
advantage in the sticking coefficient for hy-
drogen, compared to oxygen, would be
compensated by hydrogen desorption.

When a!, < a < o, Eq. (3) has two solu-
tions, G, and 0, (0, > 6,). Stability analysis
of these solutions, based on the linearized
time-dependent equation for the hydrogen
coverage, shows that the first solution is
stable and the second is unstable (and again
the physical reason is the asymmetry in the
sticking coefficients). Finally, when a <

al,, Eq (3) has no solution. Thus, the point
a = a), corresponds to a transition from Eq.
(3) to Eq. (4); i.e., at this point there is a
discontinuous change in coverage and reac-
tion rate (Fig 4).

For @ < a/,, we thus have solutions corre-
sponding to Eq. (4) (in Fig. 3., they are the
points where the curves corresponding to
280,(O)F,, — Sy, (O)Fy, cross the ab-
scissa). These solutions are stable and de-
scribe the surface covered by oxygen. Thus,
for @ < a,, the surface will always be cov-
ered predominantly by oxygen. The solu-
tions of Eq. (4) for the interval o, <a <
ol are also stable within the mean- ﬁeld ap-
proximation and with the assumption of fast
surface reaction steps.

Figure 4 illustrates these points further.
For a > o, and a < o/, there are unique
solutions to Eqgs. (3) and (4) that correspond
to a predominantly hydrogen- and oxygen-
covered surface, respectively. In the range
al; <a <l there are two stable SS solu-
tions corresponding to hydrogen- or oxy-
gen-covered surfaces. Which solution ap-
plies depends on how the SS condition has
been approached. For example, if it were
approached from large a-values, the surface
would be covered by hydrogen, and vice
versa. At a!, (and o), discontinuous transi-
tions can occur from a hydrogen (oxygen)
to an oxygen (hydrogen)-covered surface.
This generates a hysteresis in surface cover-
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F1G. 4. Coverage and reaction rate as a function of
the relative hydrogen pressure. At a > o, the surface
is covered by hydrogen. At « < al,. the surface is

or e
covered by oxygen. In the intermediate range, a/, <
a < o the surface may be predominantly covered by
either oxygen or hydrogen, depending on how the SS
condition was established. The results were obtained
with the same values of the various parameters as in
Fig. 3. Pointers show a clockwise and anti-clockwise
hysteresis in the reaction rate and coverage, respec-
tively.

age and reaction rate, if a cycle is generated
from a > oY, to a < !, and back. In other
words, the model predicts ‘‘kinetic phase
transitions.”’ Similar phenomena are known
from kinetic models describing CO oxida-
tion on Pt-group metals (35, 36). In this case,
the hysteresis serves as a cornerstone of
kinetic oscillations. In this context it is rele-
vant to note the experimental difficulty in
obtaining reproducible T, values for a =
0.1 (see Section 3). This may actually be
connected with the kinetic complexity for
al, < a < ol and motivates further experi-
ments in this interesting regime.

The value of &, depends on temperature.
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With increasing temperature, the rate of hy-
drogen desorption increases (i.e., 4§, in-
creases), and accordingly o!,— o, while
in the limit k{}, — 0 we have a!. — 0.

Concluding the discussion of the bistable
region (i.e., o/, < a < af), it is important to
note that the solutions to Eqs. (3) and (4),
describing the surface covered by hydrogen
and oxygen (Fig. 4), are stable if we employ
the mean-field kinetic equations and do not
take into account fluctuations, e.g., of ad-
sorbed species on the surface due to surface
diffusion. Including the latter process re-
sults in the possibility of forming *‘trigger™
or chemical waves [see e.g. (37-39)]. In ef-
fect, accounting for surface diffusion, it is
possible to introduce a new parameter
af (al, < aX <al). In the bistable region,
the solution corresponding to the surface
covered by oxygen is absolutely stable at
a < o and metastable at o, < @ < o, The
solution describing the surface covered by
hydrogen is metastable at !, < a < * and
absolutely stable at « > .. A more detailed
analysis of the effect of surface diffusion on
stability of the solutions to Egs. (3) and (4)
shows that in our case af = (af, + a! )2
(40).

Equations (3} and (4) above are valid pro-
vided that the H,-0O, reaction is fast; i.e.,
the rate constants corresponding to OH and
H,O formation and H-O desorption are large
compared to the rates of hydrogen and oxy-
gen adsorption [then the requirement for our
analysis of Eqs. (3) and (4), i.e., ® = Oy
and @ = 0O,, respectively, will be fulfilled;
see also the discussion in Ref. (/6)]. Physi-
cally these equations describe the two re-
gimes of the reaction when (i) adsorbed hy-
drogen blocks oxygen adsorption [Eq. (3)]
and (ii) adsorbed oxygen blocks hydrogen
adsorption [Eq. (4)]. When the condition
above of sufficiently large rate constants is
not fulfilled, e.g., at sufficiently low temper-
ature, the OH and H,0 formation steps and
coverages must be treated explicitly. Our
estimations show that at temperatures
above 300 K the reaction can be considered
as ‘‘fast’ if the activation energies for OH
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and H,O formation are lower than 7 kcal/
mol.

4.2. Heat and Mass Transport

The influence of mass transport on the
ignition originates from the depletion of re-
actants near the catalyst surface when the
reaction becomes sufficiently fast. Since
the stoichiometry of the reaction is H, +
50, — H,0 and since the diffusion rates of
H, and O, are different and finite, the reac-
tion will inevitably reduce the absolute and
change the relative concentrations near the
catalyst. Thus, as soon as gradients are es-
tablished, the local a-value just outside the
surface will be different than for the unre-
acted gas. The effect is particularly im-
portant after ignition. (All a-values below
refer to the a-value of the unreacted gas.)

If sufficiently large, the rate of tempera-
ture increase up to the ignition temperature
will also affect T,,,. This effect is, however,
negligible in the present case because the
rate of temperature increase in the experi-
ment was very small. We can therefore use
the steady-state approximation to describe
the heat and mass transport processes (the
limitations of this approach are discussed in
Section 5.2). The SS analysis is of particular
importance in understanding the ignition
process because the ignition criterion is then
well known (7).

To solve the diffusion equations at a finite
gas-flow velocity, w, we may separate a cy-
lindrical region near the platinum wire. The
radius of the region, R, should be chosen
such that diffusion in this region dominates
over gas flow. The opposite condition
should be fulfilled outside the region. Using
characteristic time scales for diffusion and
gas flow, respectively, which can be esti-
mated by 74 = R*D and 13 = R/w, where
D is the diffusion coefficient, we obtain the
optimal value of R by requiring 74 = 74,
i.e., R = D/w. Then the diffusion equation at
r =< R can be solved in the SS approximation,
assuming that the reactant concentrations
at r = R are the same as those for the unre-
acted gas mixture.
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Note that the value of R is dependent on
the reactant gas. For hydrogen (Dy. = 0.63
cm?/s), we have R, = 1.6 cm, and 74 =
4 s. The corresponding values for oxygen
(Do, = 0.18 cm?¥s) are R, = 0.4 cm, and
7ar = 1 s. A similar analysis for the heat
transfer (gas heat conductivity, A = 0.024
W/m - K) from the wire to the gas yields
Ry =04cmand 7, =1s.

The SS hydrogen concentration gradient
(the number of gas-phase molecules per unit
volume), obtained by solving the two-
dimensional diffusion equation, is

ny, (r)
i, atr>Ry,,
= o 0 ]n(RH\/r)
ny + (ngy. — Ay ) ——— atr . <r<Ry.,
H, H, H, ln(RH,/rS) s Ha

where ny,, and n;, are the gas-phase concen-
trations at and far from the surface, respec-
tively, and r, is the wire radius. The oxygen
concentration gradient is equivalently ob-
tained.

The two-dimensional thermal conductiv-
ity equation yields

T(r)

T, atr > Ry,

= In(Ry,/r)

+(T. - T))———— <L r < .
T() ( N ())ln(Rm/r\) at’s / Rhl

By employing the expression above for
the hydrogen concentration gradient, we
can represent the diffusion flow f,;, and im-
pingement rate Fy;_(per site) of this reactant

as
(J'DH:(n(}),2 - )

fu, = r In(Ry,/r) ©)
and
T Ay
FHZ _0-\/ 27 my, "y {10

where o = 4 A?is the site area, and my,_is
the mass of the molecule. The diffusion flow
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and impingement rate for oxygen are ob-
tained analogously.

Self-consistent equations for the hydro-
gen and oxygen concentrations near the sur-
face (i.e., for n};, and n)) are obtained by
the mass conservation requirement. Recall-
ing Eq. (5), we obtain

250,(@)Fq, = fu, (11a)

and

S0,(@)Fg, = fo,- (11b)
Thus, at a given temperature, we have three
independent variables (®, »y;, and n). In
the hydrogen excess regime, these variables
are given by Egs. (3) and (11), and at oxygen
excess, by Egs. (4) and (11).

Finally, we need to describe the heat-
transfer process since the energy balance is
vital for the ignition process. In the present
case we should consider two power generat-
ing terms (the external resistive heating, ¢, ,
and the chemical power, Q.) and one power
loss term (Q,), due to heat losses to the gas
(power losses due to radiation and heat con-
duction via the wire connections are negligi-
ble). Thus, we have the following equation
for the catalyst temperature

dT,

Cdt

=0+ 0. -0, (12)

where C = 7ripc, is the heat capacity per
unit length of the wire and ¢, and p are the
heat capacity per gram and the density of
platinum, respectively.

The heat flow (per unit length of the plati-
num wire) from the catalyst to the gas phase,
may be written as

Q= h, — Ty, (13)

where A = 2aMIn(R,,/r,), and A is the ther-
mal conductivity of the gas mixture. (Cali-
bration runs with only resistive heating veri-
fied that this approximation of the heat loss

is appropriate.) In addition, we have
Q. = NAHr (14)

and
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at1 <,
5
att>t (15)

ign >

_ [Bht
Qe B {Bhtign

where N = 2wr /o is the number of catalyti-
cally active sites (per unit length of the wire,
ri.o the reaction rate defined by Eq. (5),
AH =4 x 10~ '] the reaction exothermicity
per produced H,O molecule, 7, the time of
ignition, and B the heating rate (in degrees
Kelvin per second). Note that Eq. (15) at
t < i, corresponds to a linear increase in
the catalyst temperature if @. = 0. The ap-
proximation of a linear heating rate, com-
pared to the successive stepwise increase in
the experiment, is good as long as the value
of B is adjusted to mimic the time averaged
heating rate in the experiment. The equa-
tions derived above make it possible to self-
consistently describe ignition in the system
under consideration.

5. THEORETICAL RESULTS

5.1. Qualitative Analysis and Derivation
of Analytical Expressions for T,
The traditional theory of ignition is based

on analysis of stability of the energy balance

and flow in the SS approximation (/). In
particular, the ignition temperature is de-
fined by

dg.

T h. (16)
Employing this equation with some reason-
able simplifications, we can obtain a simple
analytical expression for the ignition tem-
perature. This expression may be used as
a guide in the discussion of the results of
numerical simulations presented in Section
5.2.

As a first approximation, we neglect the
mass transport limitations at 7 < Tj,,. Sec-
ond, we assume that before and during igni-
tion the surface is almost completely cov-
ered by hydrogen. The latter assumption is
definitely correct at @ > % (in this case,
according to our calculations, ignition oc-
curs at @y =~ 0.95). In fact, the surface can
be almost completely covered by hydrogen
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even for a!. < a < o’ (see Fig. 4). In our
analysis of the interval o, < a < !, we
start from this solution.

Due to the large coverage combined with
the stronger coverage dependence of the ox-
ygen sticking coefficient compared to hy-
drogen, we can neglect the first term in Eq.
(3) and rewrite it as

(1 -06)y= kfl:(l)/(SHZ(O)FHZ), 1

where k{.(1) = vexp(— EY/T) is the desorp-
tion rate near saturation, i.e., at ® = |, and
E) is the corresponding activation energy
for desorption. (This means that the hydro-
gen adsorption and desorption rates are
much larger than the oxygen adsorption
rate, which is always fulfilled at sufficiently
large ©®). Then, employing Egs. (5), (14),
and (17), we obtain

0. = 2NAHS, (0)F,

_—V-_—\'/‘)' _ ‘ "
(SH:(O)FH:) expl —xEyg/yT). (18)

Substituting this expression into Eq. (16)
and neglecting only the temperature de-
pendencies of the impingement rates £y,
and F, , we derive

T. =

ign

2xNAHS, (0)F E}
yT3 h

ign

v iy
—_— . (19
(sH:(O)FHZ) } ()

Using realistic values of various parame-
ters, one can easily verify that the absolute
value of the right-hand factor in the brackets
{---} is several orders of magnitude larger
than the left-hand factor. Omitting the latter
factor, we obtain the following very simple
approximate expression for the ignition tem-
perature

(.fo,/y)/ln{

T

ign

~ Ef,/ln( (20)

o)
S, (0Fy,)

According to Eq. (20), the ignition tem-
perature depends primarily on the rate con-
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TABLE 1

Values of Various Parameters Employed
in Calculations

Parameter Value Dimension
$6,(0) 0.02 Dimensionless
SHi0) 0.05 Dimensionless

v 10 57!
Dy, 0.63 cm?/s
Dy, 0.18 cm?/s
Ry, 1.6 cm
Ry, 0.4 cm
Ry, 0.4 cm
o 4 Al
ry 0.063 mm
AH 4 x 107" J
B 0.1 K/s

Pu, t Po, 45 Torr
Pt 760 Torr

A 0.024 Wm - K

stants for hydrogen desorption and adsorp-
tion. The effect of other parameters on the
ignition temperature is minor. A sensitivity
analysis of these parameters, by employing
Eq. (19) or numerical calculations, shows
that the latter conclusion is valid (see be-
low). Qualitatively, Eq. (20) already offers
an explanation for the experimentally ob-
served rise in T, with increasing hydrogen
partial pressure (Fig. 7), since an increase
of the latter reduces the value of the denomi-
nator in Eq. (20).

5.2. Numerical Calculations

Using the equations derived in Section 4
and the parameters presented in Table 1, we
can now explore the ignition kinetics and
condition in more detail. Typical kinetic
curves are shown in Fig. 5. Figure 5a shows
five calculated T vs ¢ curves for different «.
The resuits clearly show a trend of increas-
ing T;,, with increasing «, as in the experi-
ment. Figure Sb shows the associated sur-
face coverages, which drop after T,,.
Figures Sc and 5d show the time evolution
of the H, and O, concentrations just outside
the surface, normalized to the correspond-
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F1G. 5. Catalyst temperature (a) and total coverage (b) and hydrogen (c) and oxygen (d) concentrations
near the surface as functions of time for py + py, = 45 Torr = 0.059 py, (p,, = 760 Torr is the total
pressure of the gas mixture) at a = 0.1, 0.3, 0.5, 0.75, and 0.9 (note that the ignition temperature
increases with increasing o as in the experiment (Figs. 2 and 7). The results were obtained with x =
3,y =05, z=1, 4 =7 kcal/mol. and g = 0.1 K/s.

ing concentrations in the unperturbed gas
mixture.

In all cases, the reaction is governed by
surface kinetics and only marginally af-
fected by mass transport before and at igni-
tion. However, after ignition the reaction
becomes diffusion limited as illustrated in
Figs. 5c¢ and 5d. In this regime, the global
reaction rate is maximized when the diffu-
sion flow of hydrogen is equal to twice that
of oxygen [cf. Egs. (9)-(11)]. In this case the
reactant concentrations close to the surface
will be very low, i.e., when

Dy, npy,/In(Ry,/r) ~ 2D nd, /In(Ro, /1)

From this condition, we obtain nj; /nd =
0.76, and accordingly a,,, = 0.43 (subscript
opt for optimal). At a =~ a,, the surface
coverage is very small after ignition and the
reaction rate is maximized. This is why the

surface coverage after ignition in Fig. 5b is
lowest for & = 0.5, which is close to a,,.
If @« < a,, (e.g., « = 0.1 in Fig. 5), the
reaction after ignition is limited by hydrogen
diffusion. In this case the surface, which is
covered by hydrogen prior to ignition (if not
a < a!), becomes covered by oxygen after
ignition. Note, however, that the discontin-
uous change in reactant coverage occurs
shortly after ignition. Thus, this change in
coverage is a consequence, not a reason for
ignition. The reason for ignition is the de-
crease in the hydrogen coverage due to an
increasing desorption rate with increasing
temperature. If & > a,, (e.g., « = 0.75 in
Fig. 5), the reaction after ignitton is limited
by oxygen diffusion. In this case, the surface
coverage is dominated by hydrogen both be-
fore and after ignition.

Comparing the calculated kinetic curves
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(Fig. 5a) with that obtained in the experi-
ment (Fig. 2), two comments are called for.
First, the SS theory does not reproduce the
overshoot in the temperature vs time curve
just after ignition. This overshoot, as we
have already pointed out in Section 3, is
attributed to the larger concentration of re-
actants available at the moment of ignition
compared to later times, when there is a
depletion of reactants close to the catalyst;
i.e., the overshoot is connected with the
non-steady-state mass transport just after
ignition. The latter effect is of course not
described in the SS approximation. Second,
the theory overestimates the catalyst tem-
perature after ignition. This is connected
with a difference between the experimental
situation and the model, concerning mass
transport, when the reaction rate is high and
the gradients are strong. Prior to ignition
the reaction rate is low and the boundary
condition for hydrogen diffusion with a
characteristic radius of R,;, = 1.6 cm (Sec-
tion 4.2) is a good approximation. However,
in the SS state after ignition, the reaction
rate is high and the gas flow is vital for sus-
taining the reaction. In this case, since the
gas-flow velocity is small and Ry, is larger
than the cell radius, there will be in the ex-
periment a strong deviation from the cylin-
drical symmetry assumed in the model,
which consequently overestimates the
transport of reactants to the catalyst and
thus leads to an overestimation of the chemi-
cal power. The latter can be taken into ac-
count in more detailed simulations (such cal-
culations are in progress). Both of these
effects are important after ignition but negli-
gible at and before ignition.

We now turn to the central point, namely
the variation of T, with « (Figs. 6 and 7).
Both the calculated and measured ignition
temperatures increase with increasing «,
i.e., with the increase in relative hydrogen
pressure (4/). The model offers a simple ex-
planation for this behavior. As « increases,
the hydrogen impingement rate and thus the
hydrogen coverage increases, while the ox-
ygen impingement rate decreases. At a
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Fi1G. 6. Ignition temperature as a function of «, illus-
trating the sensitivity of the parameters x, v, z. and A.
Curve | represents the basic parameter set with x =
3,v=0.5,z=1,and A = 7 kcal/mol. In curves 2-5,
one parameter has been given another value. Curve 2,
A = Skcal/mol; 3, x = 2;4,y = l;and §, z = 3.

given temperature the rate of reaction, and
thus the chemical heating, therefore de-
creases with increasing a. Consequently the
temperature must be increased as « In-
creases, in order to create more unoccupied
sites (via hydrogen desorption) before the
ignition condition is reached.

In Fig. 6, T,,, vs « is shown for various
values of the parameters A, x, y, and z. In
all cases, the experimentally observed trend
is qualitatively reproduced, but the parame-
ter values influence the quantitative
agreement. A decrease in A is equivalent
to an increase in the activation energy for
hydrogen desorption near saturation cover-
age [see Eq. (8)] and consequently results
in an increase in T, (see Eq. (20) and cf.
curves 1 and 2 corresponding to A = 7 and
5 kcal/mol, respectively). A decrease of x
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FiG. 7. Ignition temperature as a function of «. (@)
Experimental data. (—) Simulation with x = 3, y =
0.5,z =1.and A = 7 kcal/mol. (---) Equation (19) with
x =3,y =0.5, and E} = 13 kcal/mol. The theoretical
and experimental data have been obtained at
Pu. + po, = 45 Torr.

{the exponent for the coverage dependence
of the oxygen sticking coefficient) facilitates
oxygen adsorption. Then the reaction rate
inreases at a given temperature, and 7T;,, de-
creases (cf. curves 1| and 3 corresponding
to x = 3 and 2, respectively). An increase
of y (the exponent for the coverage depen-
dence of the hydrogen sticking coefficient)
suppresses hydrogen adsorption and the
number of empty sites becomes higher, the
reaction rate increases, and T,,, will conse-
quently decrease (cf. curves 1 and 4 corre-
sponding to v = 0.5 and 1, respectively).
Finally, an increase of 7 (the exponent in
the coverage dependence of the activation
energy for hydrogen desorption) results in a
weaker coverage dependence for hydrogen
desorption (but a steeper slope near satura-
tion). which leads to an increase in T, (cf.
curves | and 5 corresponding to z = | and
3, respectively). The « dependence of T,
is fairly insensitive to reasonable variations
of the parameters A, x, ¥, and z (the « depen-
dence, i.e., the slope of T, vs «, becomes
a little stronger with decreasing y and/or in-
creasing x and/or increasing z).

In Fig. 7, the experimentally measured T,
vs a (solid circles) are compared with the full
numerical solution (full curve), using what
we consider to be the best set of parameter
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values,x =3,y =0.5,z=1,and A = 7 kcal/
mol. As discussed in Section 4.1, these val-
ues are based on existing literature data. The
agreement with the experiment isin our opin-
ion good. For comparison we have included
also in Fig. 7 the results from the analytical
solution, Eq. (19) (dashed curve), using the
same parameters as in the numerical solu-
tion, but witha constant value of E} = 13 kcal/
mol (42). Thisapproximation alsogivesarea-
sonable agreement but deviates from the ex-
periment and numerical solution at large a.
This is due to the constant value of E} em-
ployed, which is representative for a =
0.1-0.4. With increasing «, the oxygen im-
pingement rate becomes lower, and there-
fore asuccessively lower hydrogen coverage
is required to reach ignition (in order to com-
pensate the lowered oxygen impingement
rate with a larger oxygen adsorption rate). A
lower hydrogen coverage means a larger £ .
Inspection of Eq. (19) lor (20)] shows that if
thiseffectisincluded, it willadjust the analyt-
ical solution for T;,, to higher values at large
a, In closer agreement with the experiment
and the full numerical results.

For a-values >0.75, no clear ignition was
experimentally observed. The ignition con-
dition, Eq. (16), thus does not seem to be
realized for any temperature in that range.
Upon increasing the temperature, the sys-
tem instead moved smoothly from kinetic
to mass transport control. Qualitatively, this
indicates that the slope of Q.(T) vs T never
exceeds 1 [EqQ. (16)]). As discussed above,
this can be connected with the increasing
hydrogen poisoning for high «-values. The
model also predicts the absence of ignition,
but only at @ = 0.9 (see, e.g., Fig. 5a with
o = 0.9, where ignition is absent),

We have thus obtained a good agreement
between theory and experiment for T,,, vs
« and a clear understanding of why and how
T, increases with . The main reason is the
weaker coverage dependence for hydrogen
adsorption compared to that of oxygen ad-
sorption. Furthermore the slope of the T,
vs a-curve is affected by the experimentally
demonstrated (28) coverage dependence of
the activation energy for H, desorption.
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6. SUMMARY AND CONCLUSION

We have developed a model for simula-
tion of ignition on catalytic wires and com-
pared its predictions with experimental re-
sults. The approach, based on the steady-
state approximation, explicitly takes into
account the reaction kinetics, mass and heat
transport processes, and finite velocity of
the carrier-gas flow.

Employing the derived general equations,
we have studied the effect of various kinetic
parameters on the ignition temperature in
the hydrogen—oxygen reaction on a Pt wire.
The main reason for ignition is a decrease
in surface coverage of hydrogen, with in-
creasing temperature, due to desorption,
which in turn creates new sites for reaction
and an increasing reaction rate. Shortly after
ignition, a stepwise change in the reactant
coverages, toward an oxygen-covered sur-
face, takes place if the relative hydrogen
pressure is not too high.

With reasonable values of various kinetic
parameters, the experimentally observed
trend of increasing ignition temperature
with increasing relative hydrogen pressure
is reproduced, but the trend is somewhat
weaker in the model than in the exper-
iment.

We have also identified an interesting
regime for further studies, where two solu-
tions exist in coverage and reaction rate.
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This is also confirmed by a study of Cho and Law
(6), who measured ignition temperatures for H,-0,
mixtures over a Pt wire in the range 0.05 < o <
0.24. The slope of their T, vs a curve were in
good agreement with the present results, but their
ignition temperatures were slightly higher.

. This value was obtained as follows. Numerical

integration of Eq. (12) and utilization of the rest
of the coupled equations in Section 4 (and with
boundary conditions) in conjunction with the igni-
tion criterion, Eq. (16), yields the coverage at
ignition, O, = 0.95, for o = 0.1-0.4. With the
chosen parameter set of 7 and A, the activation
energy at this coverage |Eq. (8)] is obtained:
E} = 13 kcal/mol.



