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Oxidation of CO on a Pt/Al2O3 catalyst: from the surface elementary
steps to light-off tests

V. Experimental and kinetic model for light-off tests in excess of O2
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Abstract

This article is the final part of a study on the CO/O2 reaction over a 2.9% Pt/Al2O3 in line with the microkinetic approach of the heter
geneous gas–solid catalysis. Mainly, the kinetic parameters of each elementary step of two kinetic models (Models M1 and M2) d
previously are used to explain the evolution of the coverage of the adsorbed CO intermediate species (a strongly adsorbed linear
on Pt0, denoted by L) as well as the turnover frequency (TOF in s−1) during light-off tests (increase in the reaction temperatureTr) using 1%
CO/x% O2/He gas mixtures withx � 50. Model M1 involves a L-H elementary step between L CO species and a weakly adsorbed
species (Owads). It is operative (a) whateverTr in excess CO and (b) only at lowTr values in excess O2. Model M2 involves a L-H elementar
step between a L CO and a strongly adsorbed oxygen species: Osadsis operative at highTr values in excess O2. It is shown that the switch fo
M1 to M2, at the ignition process, during the heating stage occurs for a high CO conversion (> 60%) at a specificTr value (denoted byTi )
depending on the oxygen partial pressure. Similar to the observations on Pt single crystals, it is shown that the ignition process is
with a surface-phase transformation from a Pt surface mainly covered by L CO species (denoted by Pt–CO) to a Pt surface main
by Osads(denoted by Pt–O). The Pt–CO→ Pt–O transformation is due to an oxidative removal of the adsorbed L CO species into CO2 and
not to a competitive chemisorption. The high CO conversion associated with the Pt–CO→ Pt–O transformation indicates that mass-trans
processes contribute to the ignition process. During a cooling stage fromTr > Ti , the switch from M2 to M1 (extinction process) is associa
with the surface-phase transformation Pt–O→ Pt–CO at a reaction temperatureTe < Ti .
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

In previous studies [1–4] a microkinetic approach [5]
the CO/O2 reaction over a 2.9% Pt/Al2O3 catalyst has bee
developed in order to explain the evolution of the covera
of the adsorbed species as well as the turnover frequ
(TOF) during lighting-off tests (increase in the reaction te
peratureTr) using 1% CO/x% O2/He gas mixtures. The
main lines of this approach are as follows:

(a) A plausible kinetic model is proposed such as Mo
PM:

* Corresponding author.
E-mail address: daniel.bianchi@univ-lyon1.fr (D. Bianchi).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.11.019
Step S1 Adsorption of CO,

CO(gas) ⇐⇒ COads;
Step S2 Dissociative chemisorption of oxygen,

O2(gas) ⇐⇒ 2Oads;
Step S3 Langmuir–Hinshelwood elementary step,

COads+ Oads→ CO2ads;
Step S4 Desorption of CO2,

CO2ads→ CO2(gas).

(b) Each surface elementary step is individually charac
ized (nature of the adsorbed species and kinetic para
ters).

http://www.elsevier.com/locate/jcat
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(c) These data are used to determine a priori the evolu
of the TOF and of the coverages withTr.

By using FTIR spectroscopy, it has been shown that w
ever the CO/O2 ratio the main adsorbed CO species on
reduced Pt surface during the reaction atT < 373 K is the
linear CO species on Pt0 sites (denoted by L) characteriz
by an IR band at≈ 2075 cm−1 [1–4]. This species is oxi
dized at 300 K with O2/He mixtures [1,2]: in Model PM
COadsis identified as the L CO species. Step S1 correspo
to an adsorption equilibrium and the heats of adsorp
of the L CO species at several coveragesθL (denoted by
ELθL ) have been determined by using a new experim
tal procedure (denoted by AEIR [6]: adsorption equilibriu
infrared spectroscopy). It has been shown that (a) ELθL lin-
early decreases with the increaseθL from EL0 = 206 to
EL1 = 115 kJ/mol [6–9] and (b) it is not affected by th
presence of O2 [4,10]. Steps S2 and S3 have been cha
terized studying the kinetics of the oxidation of the L C
species atT < 350 K with x% O2/He mixtures [1,2]. It has
been shown that step S3 involves a weakly adsorbed ox
species (Oadsis substituted by Owadsin PM) formed without
competition with the L CO species [1,2]. The rate constan
step S3 isk3 = A3 exp(−E3/RT ) with A3 ≈ 1013 s−1 and
E3 ≈ 83 kJ/mol [1–3]. Model PM with the substitution o
Oadsby Owadsand COadsby L CO is denoted by Model M1
It has been shown that Model M1 associated with the kin
parameters of the elementary steps allows us to determ
priori θL as well as the TOF (at low CO conversions< 15%)
during lighting-off tests in excess CO [3].

When C and O mass balances are performed du
the oxidation at 300 K of the L CO species [2] in tra
sient regimes, it is observed that a strongly adsorbed
gen species (denoted by Osads) is formed in the course o
the removal of the L CO species by oxidation. This Osads
species may oxidize the L CO species according to a L-H
ementary step S3a: L CO+ Osads→ CO2ads(rate constan
k3a = A3aexp(−E3a/RT ), but with a lower rate than tha
of step S3 during the L CO titration leading to a situat
where L CO and Osads species can be present on the s
face without reaction atT < 323 K [1,2]. Moreover, Osads
can be formed in a large amount by adsorption of O2 on the
freshly reduced Pt/Al2O3 catalyst with a high heat of adsor
tion: ≈ 175 kJ/mol at θOsads= 1 [2]. At T < 673 K, Osads
only can be removed from the Pt surface by reduction w
CO as studied in [4]. Step S3a is involved in this react
because L CO can be adsorbed without competition on
surface covered by Osads[4]. However,E3a strongly depend
on θOsads: 65 and 110 kJ/mol atθOsads= 1 and 0.4, respec
tively [4]. This explains that L CO and Osadscan be presen
on the surface without any reaction atT < 323 K for low
θOsadsvalues while they react even at 223 K at highθOsads
values [4]. This leads to the conclusion that a second kin
Model M2 derived from Model PM can be operative duri
the CO/O2 reaction considering L CO and Osadsas adsorbed
intermediates.
a

t

In the present study we show when and how models
and M2 must be involved to interpret the observations (c
erages and TOF) during lighting-off tests in excess of2

using 1% CO/x% O2/He gas mixture forx < 50.

2. Experimental

Preparation and characterization of the 2.9% Pt/Al2O3

(in wt%, γ -Al2O3) catalyst have been described in pre
ous studies [1–4,6–10]. For the FTIR study, the catalyst
compressed to form a disk (Φ = 1.8 cm, weight≈ 40–
90 mg) which was placed in the sample holder of a smal
ternal volume stainless-steel IR cell (transmission mode
scribed elsewhere [7]. This IR cell enabled in situ treatme
(293–900 K) of the solid, at atmospheric pressure, wit
gas flow rate in the range of 150–2000 cm3/min. The same
disk of catalyst was used for several experiments and be
the CO/O2 reaction, it was treated in situ (150 cm3/min)
at 713 K according to the following procedure: oxyg
(30 min)→ helium (30 min)→ hydrogen (1 h)→ helium
(10 min). Then the solid is cooled down toTr. The Pt disper-
sion of the stabilized solid is 0.6–0.5 [1–4,6–11].

The data during a light-off test were obtained as in
after the pretreatment of the solid, a 1% CO/x% O2/He
mixture (total pressure= 1 atm,x in the range 0.125–50
flow rate = 200 cm3/min) was introduced in the IR ce
at 300 K andTr was slowly increased (≈ 10 K/min) up
to 740 K while the FTIR spectra of the adsorbed spe
were recorded periodically. Then the solid was cooled d
in CO/O2 and the FTIR spectra were compared to th
recorded at similar temperatures in the course of the h
ing stage. In order to correlate theθL evolutions to the CO
conversion (denoted by CO%, i.e., CO% = 100× ([CO]in −
[CO]out)/[CO]in with [ ] the CO concentrations at the inl
and outlet of the reactor), the CO and CO2 molar fractions a
the outlet of the IR cell were determined by using a sec
FTIR spectrometer with an IR gas cell (L = 20 cm, volume
200 cm3). Other authors have performed similar experime
on supported Pt catalysts [11–18] (see also the part dedi
to the CO/O2 reaction in the review of Schüth et al. [19] o
the oscillation regimes). However, we extended significa
the experimental conditions (i.e., higherTr values) and we
improved the exploitation of the experimental data.

In parallel to the FTIR study, lighting-off tests were p
formed in a quartz microreactor (powder of catalyst) [3]
ing experimental conditions similar to those of Cai et al. [
(weight of catalyst≈ 200 mg, flow rate in the range 100
600 cm3/min). The composition (in molar fraction) of th
gas mixtures at the outlet of the reactor was determined
a mass spectrometer (analysis frequency 1/1.5 Hz) accord-
ing to a procedure previously described [2,3,11] whileTr

was recorded using a small K thermocouple (Φ = 0.25 mm)
inserted in the catalyst powder.
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3. Results and discussion

3.1. Coverage of the linear CO species for CO/O2

ratios > 2

This has been studied in detail in [3] and we summ
rize below the main results to facilitate the comparison
those with an excess of O2. For instance, Fig. 1 gives th
evolution of the IR band of the L CO species (denoted
BL) for 1% CO/0.125% O2/He with the increase inTr. The
observations are very similar to those during the CO ads
tion with 1% CO/He [3,6,8]. The increase in the intens

Fig. 1. FTIR spectra recorded at various temperatures in the cour
a light-off test with the 1% CO/0.125% O2/He mixture on Pt/Al2O3:
(a–f) 351, 388, 503, 603, 663, 723 K.
of BL for T < 400 K has been ascribed to a reconstruct
of the Pt surface while the shift and the decrease inBL for
Ta > 540 K is mainly due to the decrease inθL according
to the adsorption equilibrium [3,6,8]. Moreover, cooling
the sample in 1% CO/0.125% O2/He leads to FTIR spec
tra similar to those observed at the sameTr value during the
heating stage, except forT < 500 K whereBL remains con-
stant (irreversible reconstruction during the heating sta
Similar observations have been made withx = 0.25 [3]. The
curvesθL = f (Tr) have been determined using the chan
in the IR band area ofBL (denoted byAL) with Tr similarly
to the adsorption procedure (θL = AL(Tr)/AL(max)). The re-
sults (curve a, Fig. 2A) clearly show thatθL is only slightly
modified by the CO/O2 reaction as compared to the CO a
sorption [3,6–8] while in parallel CO% is that expected fo
the total consumption of O2 [3].

3.2. Coverage of the linear CO species for CO/O2 = 2

Fig. 3 gives the FTIR spectra recorded during the
crease inTr with a 1% CO/0.5% O2/He mixture. At 320 K,
BL is detected at 2073 cm−1 together with a shoulde
at 2085 cm−1. For Tr < 560 K (Figs. 3a–c), there is
strong similitude in the evolutions of the FTIR spectra w
those in Fig. 1:BL shifts to lower wavenumbers (2073 a
2065 cm−1 at 326 and 538 K, respectively) while its inte
sity increases (reconstruction). The shoulder at 2085 c−1

shifts to lower wavenumbers and it is no more detecte
Tr = 538 K. ForTr > 538 K (Figs. 3d–j) there is a clear di
ference with the results observed with lowerx values:BL
strongly decreases and disappears at 623 K associated
a shift to lower wavenumbers (2062, 2057, and 2054 cm−1

at 560, 585, and 603 K). Between 603 and 623 K,BL is de-
tected at the same position. It must be noted thatBL strongly
decreases in a shortTr range: 585–623 K. However, the
are no difficulties in following experimentally this progre
Fig. 2. (A and B) Evolution of the coverage of the L CO speciesθL (solid symbols) and CO% conversion (open symbols) for various 1% CO/x% O2/He
mixtures on 2.9% Pt/Al2O3: (A) (a) x = 0.125 (CO% not shown); (b)x = 0.5 (CO% not shown); (c and d)x = 1. (B) (a and b)x = 1; (c and d)x = 50;
(e and f)x = 10.
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Fig. 3. FTIR spectra recorded at various temperatures in the course
light-off test with 1% CO/0.5% O2/He mixture: (a–j) 326, 438, 470, 538
585, 603, 608, 613, 618, 623 in K.

sive decrease. The evolution ofθL with Tr is shown in curve
b in Fig. 2A. By comparison with curve a in Fig. 2B it ca
be observed that the oxidation reaction strongly modifies
adsorption equilibrium atT > 600 K forx = 0.5.

3.3. Coverage of the linear CO species for CO/O2 < 2

Fig. 4 gives the evolution of the IR spectra withTr using
1% CO/1% O2/He. ForTr < 507 K (Figs. 4a–d), the obse
vations are similar to those in Figs. 1 and 3.BL is detected a
2074 cm−1 at 300 K, and then it increases (reconstructi
and shifts to lower wavenumbers (2068 cm−1 at 507 K).
The shoulder at 2085 cm−1 contributes significantly to th
spectrum at 306 K but it shifts to lower wavenumbers w
the increase inTr and it is no more detected at 507 K. T
evolution of the spectra atTr > 507 K is strongly differ-
ent than in Figs. 1 and 3. In a shortTr range, 507–511 K
there is an abrupt decrease inBL . However,BL is still de-
tected at 2068 cm−1 for Tr = 511 K (spectrum e). Then
decreases progressively without any shift and finally dis
pears at 543 K. The abrupt decrease inBL at a givenTr
value has also been observed by other authors on Pt
alysts [12,17] and this process is called ignition [12]. T
Tr value where the jump is detected is called ignition te
peratureTi [12] (i.e., with x = 1, Ti = 507 K). Curve c in
Fig. 2A gives the evolution ofθL with Tr for x = 1. Similar
results have been observed forx > 1; however, the highe
PO2, the lowerTi . For instance, Fig. 5 gives the evolutio
of the FTIR spectra recorded with the 1% CO/50% O2/He
mixture: BL is detected at 2079 cm−1 at low temperature
(Fig. 5a). ForTr < 410 K, the results are similar to tho
observed in Figs. 1, 3, and 4:BL shifts to lower wavenum
bers and its intensity increases (Fig. 5a–e). AtTi = 413 K,
-

Fig. 4. FTIR spectra recorded at various temperatures in the course
light-off test with 1% CO/1% O2/He mixture: (a–h) 306, 398, 452, 50
511, 513, 523, 543 in K.

Fig. 5. FTIR spectra recorded at various temperatures in the course
light-off test with 1% CO/50% O2/He mixture: (a–f) 304, 318, 348, 393
410, 415 in K.

BL abruptly decreases but it is still detected at 2073 cm−1 at
Tr = 425 K and then it progressively decreases (expone
profile) and disappears at 450 K. Curve c in Fig. 2B gi
the evolution ofθL for 1% CO/50% O2/He. The profile is
similar to that observed withx = 1 (curve a, Fig. 2B) bu
clearlyTi is lower. We have performed similar experime
with x = 2 and 10 and curve e in Fig. 2B givesθL = f (Tr)

for x = 10. Note thatTi progressively decreases with the
crease inPO2: 507, 463, 443, and 413 K forx = 1, 2, 10,
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Fig. 6. Evolutions ofθL with 1% CO/10% O2/He in the course of heating
and cooling stages (×, a) first heating stage; (2, b) cooling stage; (", c) sec-
ond heating stage.

and 50, respectively. For CO/O2 ratios< 2, it is impossible
even by increasingTr very slowly, to follow the decrease i
BL atTi (at the opposite of Fig. 3): a small increment inTr is
enough to create the abrupt decrease inBL . The analysis of
the gas mixture at the outlet of the IR cell reactor allows
to follow the evolution of CO% in parallel withθL (curves b,
d, and f forx = 1, 50, and 10 in Fig. 2B). These curves sh
that the abrupt decrease inθL at Ti occurs at CO% > 60%.
This is in good agreement with the observations of Kaul
Wolf [12] during the increase inTr with a 3.8% CO/2.1%
O2/N2 mixture on 5% Pt/SiO2: Ti = 538 K for CO% ≈ 40%
(Fig. 3 in [12]).

Fig. 6 gives the evolution ofθL with 1% CO/10% O2/He
during the increase (Fig. 6a) and the decrease (Fig. 6b) iTr.
It can be observed that there is a hysteresis:θL abruptly
decreases atTi in Fig. 6a during the heating stage wh
it increases abruptly during the cooling stage (extinct
process [12,17]) atTe < Ti . During the cooling stage fo
Tr > Te, θL increases progressively (exponential profile)
values higher than those observed afterTi . Fig. 6c which
overlaps with curve a is obtained after a new increas
Tr after curve b, indicating the reproducibility of the expe
ments. Similar hystereses are observed for CO/O2 ratios< 2
but not for CO/O2 > 2. The results described in the prese
study are mainly obtained during the increase inTr and we
have not observed the development of an oscillation reg
in agreement with Kaul and Wolf who observe oscillatio
on catalyst disks only during slow cooling stages [23].

3.4. Evolution of the CO conversion during lighting-off
tests on Pt/Al2O3 and Al2O3

As shown in Part III [3] the correlation between theor
ical (TOFth) and experimental (TOFex) TOF values during
lighting-off tests only can be performed for CO% < 15%.
Fig. 7. CO conversion during light-off tests in the quartz mic
reactor according to various experimental conditions using 1%
x% O2/He: (a) wPt/Al2O3 = 0.41g, x = 0.25, F = 600 cm3/min;

(b) wPt/Al2O3 = 0.41g,x = 3, F = 600 cm3/min; (c) empty reactor,x = 5,

F = 100 cm3/min; (d) wAl2O3 = 0.32g, x = 5, F = 100 cm3/min; and

(e) wAl2O3 = 0.32g,x = 50,F = 100 cm3/min.

For these values the accuracy using the CO and CO2 signals
at the outlet of the IR cell reactor is limited due to the mixi
in the IR gas cell. The CO conversions have been determ
with the quartz microreactor similarly to Cai et al. [2
(m = 0.4 mg, flow rate 600 cm3/min, 1% CO/x% O2/He
gas mixtures). Figs. 7a and b show CO% = f (Tr) (using
the CO molar fraction) on 2.9% Pt/Al2O3 with x = 0.25
andx = 3, respectively. Forx = 0.25, the maximum con
version is that excepted for the total O2 consumption while
CO is totally converted forx = 3. Moreover, forx = 3 there
is no abrupt increase in CO% in parallel to the abrupt de
crease inθL atTi (Fig. 2) in agreement with the observatio
on Pt/SiO2 [12,13] and Pt/Al2O3 [18]. Note that the curve
CO% = f (Tr) in Figs. 2 and 7 cannot be compared witho
considering the differences in the experimental conditi
(weight of catalyst and gas flow rate). For O2/CO ratios
> 5, Cai et al. [20] indicate that blank experiments p
formed with the Al2O3 support alone may lead to light-o
curves similar to those observed on noble metal-suppo
catalysts but shifted to higher temperatures. However,
O2/CO= 50 the conversion curves for Al2O3 and Pt/Al2O3
are overlapped (see Figs. 2 and 3 in [20]). This contri
tion of the blank to CO% must be evaluated in order
interpret correctly the correlations betweenθL = f (Tr) and
TOF = f (Tr). We have verified that the homogeneous
action does not significantly contribute to CO% by using
an empty reactor with a 100 cm3/min flow rate of 1%
CO/5% O2/He (curve c in Fig. 7). Forx < 0.5, blank ex-
periments performed with the Al2O3 support (0.34 g, flow
rate 100 cm3/min) indicate that CO% is negligible [4] (i.e.,
for x = 0.25, CO% = 1.5% at 740 K). Forx > 1, the con-
tribution of the support is more significant as shown
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Figs. 7d and e forx = 5 and 50, respectively. However,
can be observed that the support converts CO at highTr
values than Pt/Al2O3. This indicates that, under our expe
imental conditions, the Al2O3 support does not contribu
significantly to the CO2 production in the presence of
even with an O2/CO ratio of 50, opposite to the observ
tions of Cai et al. [20]. However, the authors [20] use
different Al2O3 support with a higher BET area (256 m2/g
compared to 110 m2/g in the present study) and the light-o
tests are performed with 1 g of support compared to 0.3
the present study.

3.5. Theoretical curves for θL = f (Tr) and TOF= f (Tr)

before Ti

BeforeTi , the Pt surface is covered by the L CO spec
(θL = 1) whateverx < 50 in 1% CO/x% O2/He. This allows
us to consider that Model M1 (reaction between L CO
Owads) used to obtain the theoretical curves in excess CO
remains valid in excess of O2. The mathematical procedu
has been described in detail in [3] and we summarize
main steps for the comparison with Model M2. We assu
that (a) there is a steady state at eachTr value between th
rate of adsorption (Ra) and the two rates of desorption (Rd)
and of oxidation (Ro),

(1)Ra − Rd − Ro = 0

and (b) there is no competition between L CO and Owads
leading to

(2)kaPCO(1− θL) − kdθL − k3θOwadsθL = 0,

where PCO is the partial pressure of CO,ka and kd are
the rate constants of adsorption and desorption, respect
while θL andθOwads are the coverages of the L and Owads
species. Expression (2) leads to

(3)θL = KCOPCO

1+ KCOPCO + KoxθOwads
,

whereKCO = ka/kd is the adsorption coefficient for the
species given by [1–4,6–10,21,22],

(4)KCO = h3

k(2πmk)3/2

1

T
5/2
a

exp

(
Ed − Ea

RT a

)
,

and Kox = k3/kd is an oxidation coefficient by analog
with KCO [3]. The rate constant of desorption is given
kd = (kT /h)exp(−Ed/RT ) with Ed varying withθL as the
heat of adsorption [4]. The coverage of Owadsspecie is given
by [3]

(5)θOwads=
√

KO2PO2,

where KO2 is the adsorption coefficient of Owads given
by (4) with m = 32 × 10−3 kg/6.02× 1023) and EO2 ≈
30 kJ/mol [1,2].

The theoretical curvesθL = f (Tr) are obtained [3] solv
ing numerically expression (3) for givenPCO andPO2 values
,

and considering a linear variation ofEθL with θL [6–10].
It has been shown thatEθL varies linearly fromE0 = 195
to E1 = 122 kJ/mol [3]. The theoretical TOFTh [24] is ob-
tained numerically [3] according to step S3,

(6)TOFth = Ro = k3θLθOwads,

with θL andθOwadsgiven by (3) and (5), respectively. Du
ing a lighting-off test forTr < Ti , θL and TOFth are ob-
tained from expressions (3) and (6), respectively, consi
ing that the various kinetic parameters are those determ
studying each elementary step [1–11]. For the rate con
k3 = (kT /h)exp(−E3/RT ) the value ofE3 is 83 kJ/mol as
used in [3] forx < 0.5.

In excess CO, there is a good agreement [3] between
perimental and theoretical curvesθL = f (Tr) and TOF=
f (Tr). In particular, it has been shown thatθL = f (Tr) is
similar toθL = f (Ta) during adsorption because (a) step
does not disturb strongly the adsorption equilibrium a
(b) the presence of oxygen does not change the heat o
sorption of the L CO species [10]. These conclusions are
valid in excess O2: kinetic modeling using Model M1 indi
cates (see Fig. 10a forx = 10) that the theoretical curve
θL = f (Tr) only differ slightly from the adsorption equ
librium curve θL = f (Ta) [6–10] at Tr > 600 K due to
the impact of step S3. In particular, it must be conclu
that Model M1 alone cannot explain the abrupt decre
in θL at Ti . For Tr < Ti , Figs. 8a and b give TOFex while
Figs. 8c and d give TOFth from Model M1 for x = 0.25
and 3, respectively. It can be observed that there is a g
agreement between TOFex and TOFth values for CO% � 5%
(CO%= 11% at TOFex = 0.02). Similar to [3], assuming
that E3 increases slightly (due to the coverages) in the ra
83 to 91 kJ/mol for the temperature range in Fig. 8 lea
(Figs. 8e–f) to an agreement on a larger TOF range.
high CO% values, mass-transfer processes limit TOFex that
is strongly lower than TOFth. For instance, at high temper
tures TOFth for x = 0.25 is much higher (100 s−1) than that
needed to convert totally CO (≈ 0.2 s−1). It can be observe
in Fig. 2B that there is a limited difference between the
perimental CO% = f (Tr) curves d and f forx = 50 and 10.
This agrees very well with the fact that the TOFth = f (Tr)

curves obtained forx = 3 (Fig. 8f) andx = 50 (Fig. 8g) do
not strongly differ. Moreover, the calculations indicate t
θL remains≈ 1 even for TOFth as high as 300 s−1 in agree-
ment with the fact that FTIR results show thatBL remains≈
constant belowTi at CO% � 60%.

Finally, it must be considered that Model M1 associa
with the kinetic parameters determined studying indivi
ally each elementary step allows us to interpret the cu
TOF= f (Tr) andθL = f (Tr) in the absence of the ignitio
process for 1% CO/x% O2/He gas mixtures withx < 50.
A conclusion of this kinetic modeling is that the abrupt d
crease inθL at Ti for CO% > 60% is not explained only b
Model M1 and a second factor must be involved.



A. Bourane, D. Bianchi / Journal of Catalysis 222 (2004) 499–510 505

O
ces
in
se
vi-

. 9.

r
ase,
n

ved
rge

f
nt
ver,
r-
l
At

on-
tion

may
at

e

ing
tes

-

ad-

n of
] in

s a

after
rea-

that
CO
d

in-

-
cular

ies.
os-
s

two
tary

fer
Fig. 8. Comparison between the experimental TOFex and theoretical TOFth
values during light-off tests according to Model M1 for 1% CO/x% O2/He:
(a and b) TOFex for x = 0.25 andx = 3, respectively; (c and d) TOFth for
x = 0.25 andx = 3, respectively; (e, f, and g) TOFth for x = 0.25, x = 3,
and x = 50, respectively, considering thatE3 slightly increases with the
decrease in coverages (see the text for more details).

3.6. Composition of the Pt surface after Ti

The FTIR spectra (Figs. 3–5) clearly show that L C
species dominates the coverage of the Pt surface in ex
O2 for Tr < Ti while at Ti there is an abrupt decrease
θL from ≈ 1 to � 0.15 followed by a progressive decrea
to 0 for Tr > Ti (Figs. 4 and 5). It has been shown pre
ously that the oxidative removal of L CO at 300 K withx%
O2/He mixtures leads to the increase inθOsads[2]. This sug-
gests that a similar increase inθOsadsis associated with the
ignition process as confirmed by the experiments in Fig
A 1% CO/2% O2/3% Ar/He mixture is introduced atTr =
630 K> Ti leading to CO% ≈ 100% (Fig. 9A). Then afte
a short purge in helium (Fig. 9B) to remove the gas ph
a 1% CO/2% Ar/He mixture is introduced for the titratio
of the Osadsspecies as performed in [4]. It can be obser
in Fig. 9C by comparing the Ar and CO curves that a la
amount of CO is consumed: 172 µmol/g, due to two main
processes (a) the oxidation of Osadsspecies and (b) the CO
adsorption to form the L CO species at a coverage≈ 0.93 in
the absence of O2 [1–3,6–10]. The CO2 production during
the titration in part C is 110 µmol/g leading to an amount o
adsorbed CO species of 62 µmol/g, in reasonable agreeme
with the coverage expected at 630 K [2,6–10]. Moreo
the plateau profile of the CO2 peak in part C is characte
istic of the Osadstitration for T > 350 K due to the contro
of the CO2 production by mass-transfer processes [4].
630 K, other processes may contribute to the CO2 and CO
signals during the titration such as the desorption of carb
ate species from the support and the CO disproportiona
s

Fig. 9. Molar fractions of the gases during the titration of the Osadsat 640 K
after the ignition: (A) CO/O2 reaction with 1% CO/2% O2/3% Ar/He;
(B) in helium; (C) titration with 1% CO/2% Ar/He.

on the Pt particles. For instance, the alumina support
adsorb 19 µmol of CO2/g and in Fig. 9B it can be see th
CO2 desorbs during the helium purge (8 µmol/g) and the
remaining fraction (≈ 10 µmol/g) may desorb during th
titration. Moreover, the final part of the CO2 production in
part C probably comes from the CO dissociation. Assum
a constant rate of dissociation during the titration indica
a contribution of≈ 6 µmol/g of CO2. We may roughly es
timate that≈ 94 µmol/g of CO2 comes from the titration
of the Osadsspecies. This value exceeds the amount of
sorbed Osadson a freshly reduced surface (≈ 70 µmol O/g).
The difference is maybe due either to the reconstructio
the catalyst or to the formation of subsurface oxygen [25
addition to the Osadsspecies atTr > Ti .

The experiments in Fig. 9 clearly show that there i
large amount of Osads on the Pt surface afterTi . To fa-
cilitate the presentation, the surface states before and
Ti are denoted by Pt–CO and Pt–O, respectively. It is
sonable to consider that the CO/O2 reaction on those two
surfaces may proceed according to two kinetic models
differ according to the adsorbed intermediate species: L
and Owads on Pt–CO (Model M1) [1–3] and L CO an
Osads [4] on Pt–O (Model M2). This view is in line with
the study of Hoffman et al. [26] which considers the
volvement of two kinetic models for the CO/O2 reaction
on model Pd/Al2O3 catalysts to explain qualitatively tran
sient as well as steady-state observations using mole
beams. However, on Pd/Al2O3 [26] the models differ by the
involvement of strongly and weakly adsorbed CO spec
Moreover, for the theoretical explanation of the kinetic
cillations during the CO/O2 reaction on Pt(100) which i
based on surface-phase transformations hex↔ 1 × 1, Im-
bihl et al. [27] consider that the reaction proceeds on the
surfaces according to the same formal series of elemen
steps (similar to Model PM) but their rate constants dif
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strongly according to the operative surface. This is in ag
ment with the M1 and M2 formalism.

3.7. Kinetic modeling of θL = f (Tr) after Ti

3.7.1. Theoretical curves using Model M2
The kinetic Model M2 on a Pt–O surface that deriv

from PM is defined as follows:

Step S1a Adsorption of CO to form a L CO species
Pt–O,

CO(gas) ⇐⇒ L;
Step S2a Dissociative O2 chemisorption to form Osads,

O2(gas) ⇐⇒ 2Osads;
Step S3a L-H surface reaction,

L + Osads→ CO2ads;
Step S4 Desorption (fast) of CO2,

CO2ads→ CO2(gas).

This model is based on the kinetic study of the red
tion of Osadsby CO atT < 350 K [4]. It has been shown [4
that L CO species is adsorbed on a the Pt–O surface (BL =
2084 cm−1 at 300 K) in an amount and with a heat of adso
tion similar to that on a freshly reduced Pt surface (ther
no competition in agreement with Pt single crystals [28,2

It is considered that the coverage of each adso
species, L CO and Osads, during the CO/O2 reaction depend
on two equilibrium according to expression (1). This lea
to the following equations considering the absence of c
petition between adsorbed species.

For the L CO species,

(7)KCOPCO(1− θL) − θL − (k3a/kdL)θLθ0 = 0,

for the Osadsspecies,

(8)KOsadsPO2(1− θO)2 − θO
2 − (k3a/kdOsads)θLθ0 = 0,

whereKCO, KOsads, andkdL, kdOsadsare the adsorption co
efficients and the rate constants of desorption of the L
and Osadsspecies, respectively,k3a is the rate constant of ste
S3a (preexponential factor:kT /h ≈ 1013 s−1). The theoret-
ical curves forθL = f (Tr) and TOF= (f (Tr) from Model
M2 are obtained using the kinetic parameters determ
previously [1–4] solving numerically Eqs. (7) and (8). T
exact value of the heat of adsorption of the L CO spe
on Pt–O is not known. However, Figs. 4 and 5 indic
clearly thatBL is detected afterTi in favor of a high hea
of adsorption in agreement with [4]. In the calculations
is considered that it is equal to that of the L CO spec
formed on clean Pt particles varying linearly with the co
erage fromE0 = 195 toE1 = 122 kJ/mol as justified in [4]
and in agreement with DFT calculations [30]. The hea
adsorption of the Osadsspecies formed atTi is considered
equal to that of the species formed by O2 chemisorption on
a freshly reduced Pt surface, 175 kJ/mol atθOsads= 1 [2], in
agreement with the measurements of Wartnaby et al. [31
Pt(110),≈ 155 kJ/mol at high coverages. These authors [
have shown that the heat of adsorption of O2 increases to
332± 10 kJ/mol at θOsads= 0 according to a roughly lin
ear profile. The heat of adsorption of the Osads species a
low coverages on Pt/Al2O3 has not been determined and
the present calculations we consider that its linearly va
from 175 to 330 kJ/mol atθOsads= 1 [2] and 0 [31], respec
tively. The activation energyE3a increases with the decrea
in θOsadsfrom 65 to 110 kJ/mol at θOsads= 1 and 0.4 [4],
respectively.

Fig. 10 compares the theoretical curvesθL = f (Tr) and
TOFth = f (Tr) for a 1% CO/10% O2/He gas mixture ac
cording to Model M1 (Expressions (3) and (6), Figs. 1
and b) and Model M2 (Expressions (7) and (8), Figs.
and e). Fig. 10a shows thatθL from Model M1 is slightly
different from the adsorption equilibrium [6–10] forTr >

600 K while Fig. 10c shows thatθL from Model M2 dif-
fers strongly from the adsorption curve due to the impac
step S3a forTr > 340 K. At Tr > 500 K, θL is very low in
agreement with the fact thatBL is detected with a low inten
sity afterTi for 1% CO/10% O2/He (Fig. 6). Curve d show
that θOsadsobtained from Model M2 (Eq. (8)) also diffe
from the adsorption equilibrium (θOsads= 1 for Ta < 700 K)
due to the impact of step S3a. However, it remains hig
agreement with the Osadstitration in Fig. 9. The TOFth val-
ues according to Model M2 (Fig. 10e) are strongly hig
(factor 100) than those from Model M1 (Fig. 10b). It mu
be noted that it is not excluded that there is a small cove
of Osadsspecies beforeTi without any significant contribu

Fig. 10. TheoreticalθL and TOF curves from kinetic Models M1 and M
for 1% CO/10% O2/He: (a and b)θL and TOF according to Model M1; (c
d, and e)θL , θOsads, and TOF according to Model M2 (see the text for mo
details); (f and g) graphical representation of the change inθL at Ti andTe,
respectively.
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tion to the experimental TOF andθL curves due to the hig
activation energy of step S3a at lowθOsadsvalues. For in-
stance, calculations (not shown) similar to those in Fig.
using Model M2 indicate that the evolutions ofθL do not
differ from the adsorption forE3a> 125 kJ/mol.

3.7.2. Qualitative explanation of the evolution of θL at Ti
The experimental evolution ofθL in excess O2 can be in-

terpreted as follow: forTr < Ti Model M1 is operative on
the Pt–CO surface. AtTi there is a Pt–CO→ Pt–O transfor-
mation and Model M2 is operative forTr > Ti . This leads to
an abrupt jump ofθL from Fig. 10a (Model M1) to Fig. 10c
(Model M2) as represented by curve f for aTi value equal
to that experimentally observed with 1% CO/10% O2/He.
Fig. 10c explains thatθL is not equal to 0 afterTi in agree-
ment with the detection and the progressive decrease oBL
in Figs. 4 and 5 forTr > Ti . Note that TOFth from Model M2
is strongly higher than that from Model M1 in particular a
ter Ti (compare curves b and e in Fig. 10) and the abr
decrease inθL at Ti must be associated with the abrupt
crease in TOF. However, this is not observed experimen
(Fig. 2) because the ignition is associated with a high
conversion when mass-transfer processes limit the rat
reaction [4]. A similar remark (CO% does not abruptly in
crease atTi ) can be made with the observations of Garcia
al. [18] on Pt/Al2O3. Calculations with Model M2 similar to
those in Fig. 10 for differentPO2 values (not shown) indicat
that the increase inPO2 shifts the curves c and e to lowerTr
values explaining thatθL afterTi depend onPO2 as experi-
mentally observed. Moreover, the increase inPO2 also shifts
curve b (TOFth from Model M1) to lower temperatures. As
suming that the ignition process is linked to a critical va
of the TOF (denoted by TOFci) the jump inθL from curve a
to curve c (Fig. 10) must be detected at lowerTi values: this
explains that the higherPO2 the lowerTi (Fig. 2).

In the course of the cooling stage after an increas
Tr > Ti , (Pt–O surface), it is observed (Fig. 6) thatθL in-
creases progressively untilTe < Ti , where θL increases
abruptly to 1. Curve c in Fig. 10 shows that Model M2
offers a reasonable interpretation of the fact thatTe < Ti .
Assuming that the switch from Model M2 to Model M
occurs at a critical TOFce value similar to TOFci and be-
cause at a given reaction temperature TOFth from Model
M2 is higher than from Model M1 (Fig. 10, curves e and
the abrupt increase ofθL during the cooling stage must b
detected atTe < Ti . The situation is similar if it is consid
ered that TOFce > TOFci. However, this leads to a lowe
difference betweenTe and Ti which corresponds better t
the experimental observations (Fig. 6) as shown in Fig. 1
The above discussion shows that several experimental
linked to the evolutions ofθL and TOF during lighting-off
tests with 1% CO/x% O2/He mixtures can be qualitativel
well interpreted considering the two kinetic Models M1 a
M2. Moreover, TOFth andθL from Model M2 (Fig. 10) lead
to the conclusion that the Pt–O surface allows performa
of the CO/O2 reaction with TOF values higher by a fa
tor � 100 as compared to Model M1. In consequence,
conceivable that Pt-containing catalysts may allow a h
CO conversion even at room temperature. However,
der classical experimental conditions the Pt–O surfac
low reaction temperatures cannot be stabilized to sus
Model M2 and the surface evolves at low temperature
Pt–CO whatever the CO/O2 ratio as shown below.

3.8. Study of the Pt–O → Pt–CO transformation at 300 K

The adsorption of O2 on the freshly reduced catalyst lea
to the formation of the Pt–O surface [4]. The introduction
x% CO/He at 300 K removes the Osadsas CO2 and leads
to the Pt–O→ Pt–CO transformation [4]. We have studi
how the Pt–O surface evolves at 300 K using a CO/O2/He
gas mixture in excess O2. The experiments (Fig. 11) are sim
ilar to those performed in [4]: after adsorption of O2 at 300 K
(65 µmol O/g) to form the Pt–O surface followed by a sho
purge in helium a 0.5% CO/1% O2/3% Ar/He mixture is in-
troduced. Similarly to previous studies [2,4], C and O m
balances using the curves in Fig. 11A reveal the evolution
the Pt–O surface with time on stream. Att ≈ 0, the O2 signal
is high while CO2 is very low, because L CO species must
formed on the Pt–O surface according to step S1a to pro
CO2. During the following seconds, the O2 signal decrease
showing that O2 is consumed due to the CO/O2 reaction (the
surface is saturated by Osads) and that during this short pe
riod Model M2 is sustained: a fraction of the preadsorb
Osadsspecies removed by steps S3a is replaced by new Osads
species according to step S2a. However, step S2a pro
sively ceases to be operative and the O2 signal increases to
a steady-state value corresponding to the oxidation of
according to Model M1 (step S2 is operative for the2
chemisorption). The O2 consumption in the negative pea
is 57 µmol/g. The CO2 production: 175 µmol/g is due to (a)

Fig. 11. Molar fractions of the gases in the course of the CO/O2 reaction
at 300 K on Pt–O surface: (A and E) reaction with 0.5% CO/1% O2/3%
Ar/He; (B and D) in helium; (C) titration with 1% CO/2% Ar/He.
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the oxidation of CO during the CO/O2 reaction (the O2 con-
sumption indicates that 57× 2= 114 µmol of CO have bee
oxidized) and (b) the reduction of the preadsorbed Osads
species (Pt–O surface) equals to 175–114= 61 µmol/g, in
agreement with the amount of Osadsspecies adsorbed on
clean Pt surface. The CO consumption during the transie
244 µmol/g. The comparison with the CO2 production indi-
cates that 244–175= 69 µmol/g of CO have been adsorbe
as L CO species in reasonable agreement with the amou
CO adsorbed on a clean stabilized Pt surface.

The C and O mass balances during the first second
the CO/O2 reaction on Pt–O at 300 K indicates that the s
face evolves to Pt–CO even in excess O2 and that there is n
more reactive Osadsspecies. This is confirmed by the follow
ing experiment: after a helium purge (Fig. 11B) indicat
the absence of O2 and CO desorption, a 1% CO/2% Ar/H
mixture is introduced (Fig. 11C). It can be observed that
there is no CO2 production indicating the absence of react
Osadsspecies on the Pt surface after CO/O2/He in Fig. 11A
and (b) there is no CO adsorption indicating that the Pt
face is saturated by CO during the CO/O2 reaction in exces
O2. After a helium purge (Fig. 11D), the introduction of t
0.5% CO/1% O2/3% Ar/He mixture (Fig. 11E) now give
only a small CO2 production due to the CO/O2 reaction ac-
cording to Model M1. The experiments in Fig. 11 show t
the Pt–O→ Pt–CO transformation at low temperatures
due to three processes: (a) L CO chemisorption is not in
ited on Pt–O; (b) step S3a of Model M2 proceeds with a h
rate (in particular S3a is faster than step S3); and (c) L
on Pt–O inhibits the O2 chemisorption (i.e., disappearance
the pair sites for dissociative chemisorption) prohibiting t
Model M2 is sustained. This Pt–O→ Pt–CO transforma
tion occurs whateverPO2 (< 0.5 atm) explaining that only
Model M1 is operative during the CO/O2 reaction beforeTi .

3.9. M1 and M2 kinetic models and ignition/extinction
processes

Two main explanations are proposed in the literature
the ignition and extinction processes during the CO/O2 re-
action: (a) kinetic models with a competition on the sa
Pt sites between reactive adsorbed species [32,33]
(b) surface-phase transformations [34,35]. There are o
proposals such as the involvement of surface carbon o
Pt surface [36].

3.9.1. Kinetic models with competitive chemisorption
This explanation has been particularly developed by K

et al. [33]. The authors have shown that simulations inv
ing (a) a competition between adsorbed CO and oxy
species with kinetic parameters adjusted to obtain a be
between experimental and theoretical curves and (b) tr
port processes lead to a good qualitative agreement
several experimental data on ignition/extinction proces
such as the decrease inTi with the increase inPO2. The igni-
tion/extinction processes appear to be controlled mainly
f

f

r

-

the competition mechanism while transport processes
plify the differences [33]. We have shown [1–4] studyi
individually each elementary step of the plausible M1 a
M2 kinetic models that there is no competition between
adsorbed species involved in the L-H steps. However, a c
petition between the B CO species and the oxygen spec
Model M1 may exist (not studied).

3.9.2. Surface-phase transformations
This second explanation is related to adsorbate-ind

hex↔ 1 × 1 surface-phase transformations [34] obser
on Pt single crystals during CO adsorption and CO/O2 re-
action under UHV conditions [27,35]. These transform
tions are linked to critical values of the coverage of the
sorbed species. For instance, it is considered that adsor
of CO on clean Pt(100) (hex phase) leads to a transfo
tion to 1× 1 surface ifθCO on the hex-CO phase excee
≈ 0.08 [34,35] and if, in turn, the coverage of the 1×1–CO
surface drops below≈ 0.3 (i.e., during the increase inTa
under isobar conditions) the structure transforms back
the hex phase (the transformation 1× 1 → hex is an acti-
vated process:Ea ≈ 105 kJ/mol [35]). The driving force for
the hex→ 1 × 1 transition is the heat of adsorption of C
which is higher by≈ 42 kJ/mol on the 1× 1 plane. The two
surfaces also present different reactivity for O2 chemisorp-
tion: the sticking coefficient is several orders of magnitu
lower on hex than on 1× 1. Moreover, it is observed that th
adsorption of O2 is strongly inhibited by COads on 1× 1–
CO [35] while at the opposite the adsorption of CO o
1 × 1–O surface is not inhibited as compared to a cl
1 × 1 surface [27,34]. Phase transformations are also
served during the CO/O2 reaction [35]. The increase inTr
with aPO2/PCO ≈ 10 ratio indicates that the surface evolv
similarly to the adsorption: there is a phase transforma
1 × 1 → hex atθCO ≈ 0.3. However, in the presence of O2,
this process is associated with a sharp increase in the
erage of the adsorbed oxygen species [35]. These evolu
of the Pt(100) surface during the CO/O2 reaction are very
similar to those observed on the present Pt/Al2O3 catalyst
with an abrupt change from Pt–CO to Pt–O. However,
Pt/Al2O3 there is no phase transformations in the abse
of O2 because the high heats of adsorption of the L
species [6–10] associated withPCO > 500 Pa prevent th
critical coverage of≈ 0.3 atTa < 740 K to be obtained. Un
der UHV conditions, it is the lowPCO values which allow
the critical coverage atTa < 600 K to be obtained. Durin
the CO/O2 reaction in excess O2 on Pt/Al2O3, this critical
coverage can be obtained due to the L-H step in ass
tion with (a) high TOF values (high CO conversions) a
(b) mass-transfer processes in the view of [33].

3.9.3. The ignition process considering Models M1 and M2
To interpret qualitatively this process considering the

netic models, we adopt the view of single crystals st
ies [27,35] on a surface phase transformation Pt–CO→
Pt–O due to the reactive removal of the L CO species in
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cess O2. The ignition process must be linked to Model M
that is operative beforeTi . ForTr values close toTi , the cal-
culations using Model M1 indicate thatθL during the CO/O2
reaction starts to be slightly affected (as compared to
adsorption equilibrium) by step S3. For instance, at 46
the adsorption model (expression (2)) leads toθL = 1 while
Model M1 indicatesθL = 0.998 for x = 10. This may be
the trigger for the fast change from Pt–CO to Pt–O. To
plain the abrupt decrease inθL it must be considered tha
the ignition process is associated with a high CO% value
(Fig. 2) when mass-transfer processes are operative. T
processes limit the concentration of CO at the catalyst
face and step S3 may decrease significantlyθL, allowing the
increase in Osadswhich in turn contributes to the reactive r
moval of the L CO species according to S3a of Model M2.
These processes explain that the switch from Model M
Model M2 cannot be experimentally followed in excess2
studyingθ = f (Tr) because it is associated with high TO
values (> 1 s−1). However, it is more progressive for a sto
chiometric CO/O2 ratio (Fig. 3).

At 300 K the Pt–O→ Pt–CO transformation (Fig. 11
is clearly associated with the reduction of the Osadsspecies.
Some experimental data support the view that the Pt–CO→
Pt–O transformation at the ignition is linked to an oxidat
removal of L CO and not to a competitive chemisorpt
with Osads. The abrupt decrease inθL from 1 to ≈ 0.15 at
Ti must increase the molar fractions of either CO (i.e., co
petitive chemisorption [33]) or CO2 (oxidative removal of
L CO) in the gas phase. An estimation of this increase
ing the experiments with the quartz microreactor (Fig. 7
performed as follow: (a) the decrease inθL from 1 to 0.15
produces≈ 20 µmol of either CO or CO2 and (b) FTIR
spectra show that this removal is detected at a heating
of 15 K/min duringt � 20 s. This leads to a rate of eith
CO or CO2 production of≈ 1 µmol/s. In parallel, at the
ignition the CO conversion is CO% ≈ 85% and this lead
to an apparent CO2 production rate of 3.5 µmol/s with a
600 cm3/min flow rate. Roughly, the increase of either C
or CO2 molar fractions (mass spectrometer) associated
the Pt–CO→ Pt–O transformation must be by≈ 20–30%.
Fig. 12 reports CO% during the light-off test with 1% CO/3%
O2/He using either the CO signal Fig. 12a (identical
Fig. 7b) or the CO2 signal Fig. 12b. For CO% < 60%, the
two curves are overlapped while for CO% > 60%, it can be
observed that curve b is higher than curve a with a sm
overshoot at CO% = 100%. This is the situation expecte
for the oxidative removal of the L CO species. In excess
there is no ignition process and curves c and d in Fig
shows that the CO% curves using either CO or CO2 are over-
lapped in the fullTr range for 1% CO/0.25% O2/He.

The involvement of the reactive removal of either Osads
or L CO during the surface transformations can be also
tified considering their respective coverage according
kinetic model assuming (a) a competition on the same0

sites, (b) the absence of reaction between the two adso
species, and (c) that their heats of adsorption are not affe
e

d

Fig. 12. Comparison of the conversions during light-off tests using
CO/x% O2/He with the quartz microreactor using either the CO and or
CO2 molar fractions: (a) CO and (b) CO2 for x = 3; (c) CO and (d) CO2
for x = 0.25.

by the coadsorption. Simple calculations (not shown) for
CO/1% O2/He indicate thatθL is slightly favored at 300 K
(θL ≈ 0.56 andθOads≈ 0.44) while the increase inTa lin-
early decreasesθL and in parallel increaseθOadsleading to a
situation whereθOads is favored at high temperatures (i.e
at 700 K: θL ≈ 0.32 andθOads≈ 0.68). These data show
that (a) the experimental coverage during the CO/O2 reac-
tion cannot be explained only by a competitive adsorp
and (b) the reactive removal of either L CO or Osadscontrols
the operative Pt surface (Pt–CO or Pt–O).

4. Conclusion

In the present study the evolutions on a 2.9% Pt/Al2O3
catalyst of (a) the coverage of a linear CO species of0

sites: θL and (b) the TOF during light-off tests (Tr in the
range 300–713 K) with 1% CO/x% O2/He mixtures (x �
50) have been determined by using FTIR and mass s
troscopy. The experimental curvesθL = f (Tr) and TOF=
f (Tr) have been compared to the theoretical curves obta
from two kinetic Models M1 and M2 deriving from a plau
sible model with four elementary steps. Models M1 and
differ according to the nature of the intermediates spe
and the kinetic parameters of the elementary steps.

Model M1 implicates [1–3] (a) a L CO species a
sorbed on the reduced Pt particles forming a Pt–CO
face (step S1) and (b) a weakly adsorbed oxygen spe
Owads(step S2). There is no competition between the L
and Owads species that react according to a L-H element
step S3. The desorption of CO2 (step S4) is fast. The theo
retical curvesθL = f (Tr) and TOF= f (Tr) obtained from
Model M1 using the kinetic parameters previously de
mined [1–3,6–11] are in good agreement with the exp
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mental curves in theTr range 300–713 K in excess of C
and in the range 300-Ti in excess of O2. The specific temper
atureTi depends onPO2 and it is characterized by an abru
decrease inθL from ≈ 1 to < 0.15 (ignition process). Th
agreement between TOFex and TOFth is limited to CO con-
versions� 15%.

In excess O2, the abrupt decrease inθL at Ti is followed
by a progressive decrease forTr > Ti . It has been shown tha
the curvesθL = f (Tr), for Tr > Ti , agree with Model M2 in-
volving a strongly adsorbed oxygen species Osads(step S3a)
on the reduced Pt particles forming a Pt–O surface
a L CO species formed on the Pt–O surface (step S
These two species react according to a L-H elementary
S3a. During the cooling stage fromTr > Ti the experimen
tal θL values follow the theoretical curveθL = f (Tr) from
Model M2 until a value in the range≈ 0.2–0.3 at a spe
cific temperatureTe < Ti depending onPO2 where an abrup
increase toθL = 1 is observed (extinction process) wh
Model M1 is operative forTr < Te.

Finally, the ignition/extinction processes are associa
with the change in the kinetic model controlling the CO/2
reaction: at the ignition M1→ M2 and at the extinction
M2 → M1. These changes are either due or associated
a surface-phase transformation from Pt–CO (M1 mode
Pt–O (M2 model), very similar to the views of single-crys
studies.

The present study and previous works [1–4,6–11] in
with the microkinetic approach of the gas/sold hetero
neous catalysis [5] show that the characterization of
kinetic parameters of each elementary step involved
plausible mechanism of a catalytic reaction, such as CO2
on Pt/Al2O3, constitutes a new way for the understanding
the catalytic activity (TOF) of a catalyst. It is now conce
able that the modifications of the TOF due for instance to
catalyst preparation (i.e., Pt dispersion) can be correlate
future works to a change of a specific kinetic parameter o
elementary step. In line with this view, it has been rece
shown that the Pt dispersion has no impact on the hea
adsorption of the L CO species [37].
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