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Abstract

The present study concerns the characterization, by experiments in the transient regime, at atmospheric pressure, with eithe
transform infrared or a mass spectrometer as a detector, of the elementary steps involved in the isothermal oxidation atTO lower than 360 K
of the superficial species formed by adsorption of CO on reduced Pt/Al2O3 catalysts: linear, bridged, and threefold coordinated CO spe
The coverages of the adsorbed species and the rate of the CO2 production are determined during successive adsorption, desorption
oxidation reactions for different durations. The evolution of the rate of the CO2 production with the duration of the oxidation, RCO2(t),
presents a variety of profiles, depending on the Pt dispersion of the catalysts. For Pt dispersions higher than 0.6, an induction
observed and the RCO2(t) profile is characterized by a peak with a maximum defined bytm and RCO2m. The greater the Pt dispersio
is, the longertm is and the lower RCO2m is. For Pt dispersions lower than 0.6, the RCO2(t) profile is similar to a decreasing exponenti
and its highest value is observed at time 0 of the oxidation. The induction period observed for Pt dispersions higher than 0.6 al
characterize the Langmuir–Hinshelwood steps between the adsorbed CO and oxygen species by studying the impacts ontm and RCO2m
of different experimental parameters such as the Pt dispersion, the oxidation temperature, the oxygen partial pressure, and the d
desorption stage before oxidation. A kinetic model based on the oxidation of the L CO species by a weakly adsorbed oxygen spec
on the Pt0 sites liberated by the removal of the bridged CO species provides a set of mathematical expressions that provide a r
explanation of the impacts of the various experimental parameters ontm and RCO2m. As a consequence, this kinetic model reveals how
Pt dispersion affects the elementary step and the turnover frequency of the CO/O2 reaction. A comparison of the present study with sim
literature data on a single Pt crystal shows that the differences in the experimental conditions, material and pressure gaps, ma
situation in which the Langmuir–Hinshelwood steps that are studied are not the same.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The aim of the microkinetic approach[1] to a gas/solid
catalytic reaction is to correlate the kinetic parameters of
surface elementary steps (adsorption, desorption, Langm
Hinshelwood steps) involved in a plausible mechanism
the reaction with the turnover frequency (TOF). Differe
methods can be used to characterize the elementary s
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E-mail address: daniel.bianchi@univ-lyon1.fr(D. Bianchi).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.12.011
s,

such as DFT calculations and experimental procedures
ther on well-defined single crystal surfaces or on conv
tional metal-supported catalysts. In previous studies[2–6],
this last approach has been developed for the CO/O2 reaction
on Pt/Al2O3 catalysts, taking particular account of the pr
ence of different adsorbed CO species on the surface
linear, bridged, and threefold coordinated CO species,
noted L, B, and 3FC, respectively)[7,8]. It has been shown
that the evolution of the TOF during lighting-off tests can
reasonably interpreted by considering that the L CO spe
(which is the main adsorbed CO species on Pt/Al2O3) is
the intermediate of the reaction[4,6]. In addition to the

http://www.elsevier.com/locate/jcat
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academic interest of the microkinetic approach, there
practical perspective: it is conceivable that a correlation
be made between the modifications of the kinetic para
ters of each elementary step, and therefore of the TOF
the catalyst preparation (i.e., dispersion, support), as im
ined by Boudart in the foreword of[1]. From this point of
view, we have studied the impact of Pt dispersion on the
ementary steps involved in the CO/O2 reaction on Pt/Al2O3

[9,10]. Zafaris and Gorte[11] have observed that the TO
of the CO/O2 reaction is dependent on the size (14 a
1.7 nm) of the Pt particles deposited on aα-Al2O3(0001)
crystal: the larger the diameter is, the higher the TOF
We have observed that this is also true on Pt/Al2O3 cata-
lysts of different Pt dispersions (range 0.88–0.4)[10]. This is
related to the modification of particular elementary steps
volved in the kinetic models developed to interpret the T
[4,6,10]. For instance, it has been shown[10] that the in-
crease inD: (a) decreases the rate constant of oxidation
the adsorbed CO species at low temperatures (particu
the L CO species) and (b) increases the heat of adsor
of the B CO species (denoted EBθB at a coverageθB). In
contrast, the heat of adsorption of the L CO species (den
ELθL ) and the reduction of strongly adsorbed oxygen spe
(denoted Osads) by CO[8] do not depend strongly onD [10].

At high Pt dispersions (D � 0.6), during the isotherma
oxidation by O2 of the adsorbed CO species, the evolution
the rate of CO2 production with time on streamt [RCO2(t)]
is characterized by an induction period (denoted IP)[10]. It
is observed that RCO2(t) increases slowly for several se
onds before a sharp increase followed by a progressive
crease, leading to the detection of a peak characterize
tm and RCO2m. ForD � 0.6 there is no IP; a decreasing e
ponential profile is observed for RCO2(t) [3,10]. Moreover,
the amount of CO2 formed during the isothermal oxidatio
indicates clearly that the peak of RCO2(t) is related to the
oxidation of the L CO species[10]. Several authors[12–14]
have observed the presence of an IP during the isothe
oxidation of adsorbed CO species on noble metal catal
They have shown that the duration of IP (measured bytm) is
dependent on: (a) the oxidation temperatureTO and (b) the
duration of the desorptiontd in an inert gas before the ox
idation. The microkinetic approach to the CO/O2 reaction
developed previously[2–8] has shown that the TOF is corr
lated at low temperatures with the rate of oxidation of th
CO species according to an L-H step (denoted S3: L+Owads

[2,3]) involving a weakly adsorbed oxygen species (deno
Owads) formed only in the presence of adsorbed CO spe
on the Pt surface (there is no Owads species during the ad
sorption of O2 on a freshly reduced Pt/Al2O3 catalyst; only
Osadsspecies are formed[4]). This leads to the conclusio
that the study of the experimental parameters (such asD and
PO2) that control IP, during the isothermal oxidation of t
adsorbed CO species, appears to be a way to obtain
insight into the parameters that control this L-H elemen
step S3 and therefore the TOF of the CO/O2 reaction.
-

l
.

e

The goals of the present article are (a) to study how I
dependent on several experimental parameters (in line
[12–14]) and (b) to interpret the observations with a
netic model. To our knowledge this kinetic model has
been used previously for metal-supported catalysts. H
ever, Bonzel and Ku[15] have performed a similar stud
(experiments and kinetic model) on Pt(110), and a com
ison of the respective conclusions is presented to revea
impact of the material and pressure gaps on the observa
linked to the isothermal oxidation of adsorbed CO speci

2. Experimental

2.1. Catalysts

The catalysts used in the present study,y wt% Pt/Al2O3,
where y = 1.2 or 2.9, were the same as those used
previous studies[9,10] [γ -Al2O3 (Degussa), BET are
100 m2/g; incipient wetness method with aqueous so
tions of H2PtCl6 · H2O (Aldrich); drying procedure: 12 h a
room temperature and then for 24 h at 373 K; pretreatm
12 h in air at 713 K]. Considering the aims of the pres
study, we modified the sample reduction procedures[10]
as compared with our previous works[2–8] to decreaseD
progressively. A fresh reduced solid with the highest d
persion (D > 0.84) was obtained according to the followin
procedure (P1), which was also used by Li et al.[14]: He
(300 K) → He (423 K, 10 K/min) → H2 (423 K) → H2
(713 K, 10 K/min) → H2 (713 K, 30 min)→ He (713 K,
5 min) → He (300 K). The same sample of catalyst w
used for several experiments, and it was reduced before
experiment according to the following procedure (P2):
(300 K)→ He (723 K, 10 K/min) → H2 (713 K, 10 min)→
He (713 K, 10 min)→ O2 (713 K, 10 min)→ He (713 K,
10 min) → H2 (713 K, 30 min)→ He (713 K, 5 min)→
He (300 K). It has been observed thatD decreased slightl
after two successive P2 procedures (from 0.88 to 0.73
ter ten P2 procedures with 1.2% Pt/Al2O3). The stabilized
solids were obtained as follows (P3 procedure): after
P2 procedure, CO was adsorbed at 300 K with the sw
He → 2% CO/2% Ar/He, followed by an increase in t
temperature (10 K/min) to 713 K. Then after a short heliu
purge, procedure P2 was applied at 713 K. The stabiliza
pretreatment with CO, which was initially imposed by t
procedure for determination of the heat of adsorption[7,8],
led toD � 0.65 for 1.2 and 2.9% Pt/Al2O3. Then the subse
quent pretreatments, tailored for P2 or P3, decreasedD very
slowly (lowerD value= 0.4).

2.2. Analytical procedures for the study of the elementary
steps

The two analytical systems used in the present study w
the same as those described in detail in previous stu
[2–10]. Mainly, they allowed us to perform experiments
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the transient regime, in which we studied either the mo
fractions of the gas with a mass spectrometer or the adso
CO species with a FTIR spectrometer. In the first anal
cal system, various valves allowed us to perform switc
between regulated gas flows (1 atm total pressure,
rate in the range 100–600 cm3/min), which passed throug
the catalyst, which was contained in a quartz microreac
A quadrupole mass spectrometer permitted the determ
tion of the composition (molar fractions) of the gas mixtu
at the outlet of the reactor during a switch, after a calib
tion procedure. The temperature was recorded with a s
K-type thermocouple (Φ = 0.25 mm) inserted in the ca
alyst sample (weight≈ 0.2 g). This system was used
determine the rate of CO2 production during the isother
mal oxidation of the adsorbed CO species atTO < 360 K,
with the use of the following switches (100 cm3/min): He
(reduced solid)→ 1% CO/2% Ar/He (CO adsorption, du
ration ta) → He (desorption, durationtd) → x% O2/y%
Ar/He (isothermal oxidation, durationtO) (x, y < 4). The
duration of the desorption (td) varied from 0 to 20 min,
whereas that of oxidation (tO) was a function of the IP. Dur
ing the oxidation stage, strongly adsorbed oxygen spe
Osads, were formed in parallel to the removal of the L C
species by oxidation[3]. The Osads species were reduce
to CO2 with the use of the following switches:x% O2/y%
Ar/He → He (purge)→ 1% CO/2% Ar/He (reduction of th
Osadsspecies, duration tr). The reduction stage is associat
with the adsorption of CO[5]; successive isothermal ox
dation/reduction of the adsorbed species is denoted as
cycles[5]. Because of the strong impact ofD on the ob-
servations,D is measured by CO or O2 chemisorption[10]
after each reduction procedure (P1, P2, or P3) with the
of the following switches: 1% CO (or O2)/2% Ar/He (dura-
tion ta, total CO (or O2) uptake)→ He (td) → 1% CO (or
O2)/2% Ar/He (amount of reversible chemisorption). T
second analytical system, with a FTIR spectrometer as a
tector[2,7,9], allowed us to perform similar experiments
which we studied the evolution of the IR bands of the
sorbed CO species. The solids were compressed to fo
disk (Φ = 1.8 cm, m = 40–100 mg), which was placed
the sample holder of a stainless-steel IR cell with a smal
ternal volume (transmission mode). This IR cell enabled
to carry outin situ treatments (293–900 K) of the solid,
atmospheric pressure, with a gas flow rate in the rang
150–2000 cm3/min. It must be noted thatD was not mea-
sured during the FTIR study[10]. To correlate the FTIR
observations with the change inD, it was assumed that th
decrease inD (quantified with the quartz reactor), accordi
to the number and the nature (P1, P2, P3) of the reduc
procedures, was also valid for the catalyst pellet.

2.3. Measurement of the rate of CO2 production during
isothermal oxidation

The main part of the experimental data of the pres
study concerns the evolution of the rate of CO2 produc-
,

-

tion during isothermal oxidation of the adsorbed CO spec
RCO2(t), with the use of a quartz microreactor. A ma
spectrometer provides the molar fraction,Xg(t), of each
gas g at the outlet of the reactor, as a function of time
stream in O2. The rate of CO2 production is obtained b
RCO2(t) = XCO2(t) (F/W) (in mol/(g s)), whereF is the
total molar flow rate andW is the weight of catalyst (the fig
ures in the present paper describe the evolution ofXg(t)). To
determine whether the RCO2(t) corresponds to the RCO2(t)
corresponds to the chemical reaction at the surface of the
alyst, the measurements must be free of the contribution
various physical processes (i.e., lag and diffusion proces
Several criteria in the literature make it possible to des
experiments that eliminate these physical processes. Fo
stance, we designed the present experiments (as we
those in previous studies) according to the six criteria
Demmin and Gorte (Cri) [16], allowing us to evaluate th
contribution of several processes to the desorption rate
ing temperature-programmed desorption in a flow of in
gas. Two of these criteria evaluate the contribution of re
sorption during TPD, whereas the other criteria concern
possible contribution of lag and diffusion processes. In a
vious study[17] we provided all of the experimental param
ters (i.e., reactor geometry, particle sizes) needed to calc
those criteria for the 2.9% Pt/Al2O3 catalyst (see Table
in [17]). For the present weight of catalyst,W = 0.2 g, all
of the criteria were either lower or very close to the lim
suggested by the authors[16], for instance for a bed concen
tration gradient the value is 0.18 (suggested<0.1) and for a
particle concentration gradient the value is 0.07 (sugge
<0.05). This supports the assumption that the experime
rate of CO2 production corresponds to that of the chemi
process at the surface of the catalyst. Moreover, accor
to the method of Rieck and Bell[18], the number of CSTR
in series needed to model the bed of catalyst can be
termined[17]. For the present experimental conditions t
number is 1.1 at 300 K (1.8 in[17] for W = 0.3 g), and
this value decreases slightly with the increase inT . Other
criteria can be used to design experiments free of phys
processes[19]. For instance, if we consider Table 1 in[17],
the absence of internal diffusion can be justified by ev
uation of the Thiele modulus,Φ [19], with the use of an
effective diffusion coefficient of 3×10−3 cm2/s and assum
ing an oxygen conversion of 50% at the maximum of
CO2 peak for a 1% O2/1% Ar/He mixture (the experimen
tal O2 conversions are lower); thenΦ = 0.867, leading to an
effectiveness factorη > 0.95 [19]. The above criteria mak
it possible to design experiments free of the contribution
various physical processes to the rate of the CO2 production
under pseudo-stationary conditions. However, during the
tial stage of the transient (i.e., at the introduction of O2), the
diffusion processes cannot be prevented because the r
adsorption of a gas is too high (i.e., the effectiveness fa
is very low). In the present study theXCO2(t) values during
the first seconds (�20 s) of the transient are not considere
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Fig. 1. Molar fractions of the gas at the outlet of the micro reactor
ing the oxidation at 300 K using 2% O2/2% Ar/He of the adsorbed CO
species on a fresh (D = 0.73) and stabilized (D = 0.54 andD = 0.48)
2.9% Pt/Al2O3 (td = 80 s): (a) CO2 and (b) O2 for D = 0.73; (c) CO2
for D = 0.54; (d) CO2 and (e) O2 for D = 0.48.

3. Results and discussion

On highly dispersed Pt/Al2O3 catalysts (D � 0.6), it has
been shown[10], in agreement with data in the literatu
[12–14], that the rate of CO2 production, RCO2(t), during
isothermal (TO < 353 K) oxidation by O2 of the adsorbed
CO species is characterized by an IP leading to the obs
tion of a peak (characterized bytm and RCO2m) after severa
seconds of oxidation. The duration of the IP is conventi
ally measured bytm [10,12–14]. Moreover, the adsorption o
CO on Pt/Al2O3 leads mainly to the formation of the L C
species (≈92% of the amount of adsorbed CO forD < 0.5
[10]), and RCO2(t) is dominated by the oxidation of th
adsorbed species, particularly during the detection of
RCO2(t) peak[10]. The intent of the present study is to d
scribe the impacts of different experimental parameters o
and to interpret observations made with a kinetic model.
focus of this study is the assumption that the L CO spe
is involved in the L-H elementary step that controls the T
during the CO/O2 reaction at low temperatures.

3.1. Impacts of the experimental parameters on the
oxidation of the adsorbed CO species

3.1.1. Impact of D

This parameter has been studied in more detail in[10];
we summarize the main observations to facilitate the pre
tation.Fig. 1 compares the molar fractions of CO2 and O2
at the outlet of the reactor during the oxidation at 300 K
2.9% Pt/Al2O3 for threeD values (D = 0.73, 0.54, 0.48)
with the following switches: pretreatment→ 1% CO/2%
-

Fig. 2. Evolution of the coverages of the adsorbed CO species at 3
on 1.2% Pt/Al2O3 with D ≈ 0.7 during desorption in helium and oxid
tion with 2% O2/He. (a) L CO species, (b) 3FC CO species, and (c) B
species.

Ar/He (adsorption of L, B, and 3FC species)→ He (td =
80 s)→ 2% O2/2% Ar/He (to). Fig. 1shows that at the high
est dispersion, RCO2(t) is characterized by an IP; clearl
the higherD is, the longertm is and the lower RCO2m is.
At the lowest dispersion the CO2 peak is observed at the in
troduction of O2, as studied previously[2,3]. This impact
of D on the IP has not been considered previously[12–14].
In Fig. 1, the amount of CO2 produced during the RCO2(t)
peak is compatible only with the oxidation of the L C
species.

Fig. 2 compares the evolution of the coverage of the
sorbed CO species (derived from their specific IR ba
[8,10]) at 300 K on 1.2% Pt/Al2O3 after the following pre-
treatment: two successive P2 procedures (estimatedD value
≈ 0.7–0.75), with the switches 1% CO/He→ He (td) → 2%
O2/He (tO) (see more details in[10]). It can be observed i
Fig. 2a that the isothermal desorption in helium has no
pact on the IR band of the L CO species (high heat of ads
tion of the L CO species[7–9]), whereas those of the 3F
and B CO species decrease to pseudo-stationary value
ter≈2 min (Figs. 2b and c). The introduction of O2 (Fig. 2)
strongly increases the rate of disappearance of the B and
CO species, whereas the decrease in the L CO species
ing the oxidation is delayed by≈40 s. The results inFig. 2
show that the first part of the IP inFig. 1must be correlate
with the removal of the B or/and 3FC CO species, wher
the RCO2(t) peak is mainly due to the L CO species.

3.1.2. Impact of the oxidation temperature
Fig. 3 shows the impact ofTO on the IP for the 2.9%

Pt/Al2O3 catalyst atD = 0.73, with 2% O2/2% Ar/He af-
ter td = 80 s and for the first O/R cycle. It can be observ
that the higherTO is, the shortertm is. This has been ob
served by several authors[12–14] on Pt and Pd catalyst
Zhou and Gulari[13], from their study of Pd/Al2O3, have de-
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Fig. 3. Molar fractions of the gas at the outlet of the micro reactor during
oxidation at three temperatures using 2% O2/2% Ar/He of the adsorbed CO
species on 2.9% Pt/Al2O3 with D = 0.73 (td = 80 s): (a) CO2 and (b) O2
for TO = 298 K; (c) CO2 and (d) O2 for TO = 324 K; (e) CO2 and (f) O2
for TO = 351 K.

cided that this proves that the IP is not linked to mass tran
processes (in agreement with the design of the present e
iments). Moreover, they have shown that ln(tm) = f (1/TO)

is a straight line and the positive slope is used (without a
netic model) to determine an apparent activation energ
90 kJ/mol for the chemical process associated with the
[13]. It can be observed inFig. 3 that there is an oxyge
consumption associated with CO2 production and that CO2
is not due to desorption (i.e., carbonates). Moreover, the
of the oxygen consumption is twice that of the CO2 pro-
duction, indicating that the removal of the L CO species
associated with the adsorption of strongly adsorbed oxy
species, Osads, which is in line with previous works[2,3].

3.1.3. Impact of the number of isothermal O/R cycles
Fig. 4 shows the evolution of RCO2(t) at TO = 324 K

on 1.2% Pt/Al2O3 (D = 0.63) with the number of O/R
cycles. After oxidation of the adsorbed CO species,
following switches were performed: 2% O2/2% Ar/He
(oxidation)→ He (80 s)→ 1% CO/2% Ar/He (reduction
of Osadsby CO)→ He (td = 80 s)→ 2% O2/2% Ar/He (ox-
idation). This constitutes an O/R cycle, and the experim
can be repeated (without any pretreatment at 713 K) for
study of the impact of several O/R cycles on the IP. It can
observed inFig. 4that tm increases for three successive O
cycles, and then the observations are reproducible.Fig. 5
shows similar observations for 2.9% Pt/Al2O3 (D = 0.73)
comparing the first and second O/R cycles at threeTO val-
ues. ForTO � 324 K, it is clear that the first O/R cycl
increasestm as in Fig. 4, whereas at 353 K, the numb
of O/R cycles has no impact. The increase intm with the
number of O/R cycles indicates that the reactivity of the
surface changes because of irreversible modifications o
-

Fig. 4. Molar fractions of CO2 at the outlet of the micro reactor durin
the oxidation atTO = 324 K using 2% O2/2% Ar/He of the adsorbed CO
species on a 1.2% Pt/Al2O3 with D = 0.63 (td = 80 s) as a function of the
number of successive O/R cycles: (a)–(e) cycle numbers 1, 2, 3 4, a
respectively.

Fig. 5. Molar fractions of CO2 at the outlet of the micro reactor during th
oxidation at three temperatures using 2% O2/2% Ar/He of the adsorbed CO
species on 2.9 % Pt/Al2O3 with D = 0.74 (td = 80 s) for the two first O/R
cycles: (a) and (b) first and second cycle forTO = 298 K; (c) and (d) first
and second cycle forTO = 323 K; (e) and (f) first and second cycle fo
TO = 353 K.

adsorbed species/Pt surface system. For instance, it has
shown[5] that (a) strongly adsorbed oxygen species, Osads,
are formed on the Pt sites liberated by the removal of th
CO species during their oxidation (seeFig. 3) and (b) a frac-
tion of these Osadsspecies remain on the surface after
reduction stage (the activation energy of reduction incre
with the decrease in the coverage of the Osadsspecies[5])
and may modify the reactivity of the surface. Moreover
has been observed that during the first O/R cycle a s
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Fig. 6. Molar fractions of the gas at the outlet of the micro reactor du
the oxidation at 324 K using 2% O2/2% Ar/He of the adsorbed CO speci
on 1.2% Pt/Al2O3 with D = 0.63 after three O/R as a function of the de
orption durationtd: (a) to (d) CO2 for td = 0 s, 80 s, 6 min and 15 mi
respectively; (e) and (f) O2 for td = 80 s and 15 min, respectively.

number of Pt0 sites are irreversibly transformed into Pt2+ [2,
10] (only a reduction stage at high temperatures elimin
the Pt2+ sites). However,Fig. 4 shows that the RCO2(t)
profile is reproducible after three O/R cycles atTO = 324 K,
indicating that the surface modifications are over. It mus
noted inFig. 4 that if the number of O/R cycles affectstm,
it does not have a strong impact on RCO2m. Fig. 5 shows
that the impact of the number of O/R cycles disappears
TO = 353 K; this means that the Osadsspecies involved in th
surface modifications are removed by the reduction st
The study of the following experimental parameters is p
formed after at least two O/R cycles.

3.1.4. Impact of the duration of the isothermal
desorption (td) before the oxidation

The impact oftd on tm (after three O/R cycles) is show
in Fig. 6for 1.2% Pt/Al2O3 (D = 0.63). The situationtd = 0
corresponds to the switch 1% CO/2% Ar/He→ 2% O2/2%
Ar/He without any helium purge. It can be observed t
the longertd is, the shortertm is. This has been observe
previously by several authors[12–14], and the qualitative
explanation for this is that either some particular Pt s
are created because of the desorption of an adsorbe
species[12,14] or there is a restructuring/reconstruction
the COads/Pt system to a more favorable state (without a
significant CO desorption)[13]. Moreover,Fig. 6shows that
if td affectstm significantly, it does not have a strong impa
on RCO2m.

3.1.5. Impact of the oxygen partial pressure
Fig. 7 compares the RCO2(t) profiles at 323 K on 1.2%

Pt/Al2O3 (D = 0.63) for two O2 partial pressures:PO2 =
2 kPa and 4 kPa (after three O/R cycles). It can be
.

Fig. 7. Molar fractions of the gas at the outlet of the micro reactor du
the oxidation at 323 K of the adsorbed CO species on 1.2% Pt/Al2O3 with
D = 0.63 (td = 80 s) as a function of the oxygen partial pressure: (a)
and (b) O2 for PO2 = 2 kPa; (c) CO2 and (d) O2 for PO2 = 4 kPa.

served that the higherPO2 is, the shortertm is and the highe
RCO2m is. We have shown previously that in the absenc
an IP (D < 0.5), the rate of oxidation of the L CO depen
onP

1/2
O2

[2,3]. The results inFig. 7show that forD > 0.6 and
in the presence of an IP, RCO2(t) also depends onPO2 (the
exact relationship between RCO2(t) andPO2 is provided by
the kinetic model).

3.2. Qualitative interpretation of the induction period

Regardless of the value ofD, the adsorption of CO lead
mainly to the formation of the L CO species[9,10], and
the amounts of CO2 produced during the RCO2(t) peaks in
Figs. 1, 3–7are compatible only with the oxidation of th
adsorbed species. The L-H elementary step (denoted S
CO+ Owads→ CO2ads[2–4]) linked to the oxidation of the
L CO species has been studied previously forD < 0.5 [2–4],
and it has been shown that a weakly adsorbed oxygen sp
formed without competition with the L CO species Owads is
involved[2–4] in the reaction. The rate of CO2 formation by
the oxidation of the L CO species is given by[2–4]

(1)RCO2L(t) = −dθL

dt
= k3θLθOwads,

whereθL andθOwads are, respectively, the coverages of
L and Owads species on different Pt sites andk3 is the rate
constant of step S3[2–4]. It has been shown that the he
of adsorption of the L CO species, ELθL , is not significantly
modified byD [9]. The EL1 value 110 kJ/mol indicates tha
the L CO species cannot desorb atT < 353 K, in agreemen
with Fig. 2. This leads to the conclusion that it is not a mo
ification of θL by the increase inD that explains the IP. Th
impact ofD on RCO2(t) must concernk3 and/orθOwads. For
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D < 0.5 it has been shown[2] thatk3 remains constant for
large variation ofθL. This leads us to consider the possibili
as suggested by several authors[12–14], that the IP is due to
the increase in the number of Pt0 sites adsorbing the oxyge
species (these sites are denoted s1 in the present pap
the literature[12–14], this increase is mainly ascribed to t
desorption of an adsorbed CO species. We have sugg
[4,6] that the s1 sites are formed by the removal of the B
species (on particular Pt sites denoted Pt0

B) because the EBθB

values (lower than ELθL [8,10]) are compatible with a des
orption at 300 K. However,Fig. 2 shows that the 3FC CO
species also desorbs slightly at low temperatures, and i
also be involved in the formation of thes1 sites. Neverthe
less, in the present paper, to simplify the presentation o
kinetic model, we assign the IP process to the removal o
B CO species. The number ofs1 sites for the adsorption o
Owads is dependent on (a) the total amount of Pt0

B sites ad-
sorbing the B CO species (denoted NTB, <8% of the total
number of Pt sites) and (b) the amount of those sites fre
B CO species at timet of the oxidation. At timet = 0 of
the oxidation, the number ofs1 sites is determined by th
desorption of the B CO species during the helium purge
cording to (a) the activation energy of desorption of the
CO species (which increases with the decrease inθB [9] and
with the increase inD [10]) and (b) the durationtd of the des-
orption stage. For instance, it is expected that for a fixedtd,
the number ofs1 sites at time 0 of the oxidation is high
for a low than for a high dispersion because of a decreas
the activation energy of desorption of the B CO species w
the decrease inD. During the oxidation and according
the views of[12–14], it can be assumed that the desorpt
of the B CO species continues to create thes1 sites. How-
ever,Fig. 2 shows clearly that the rate of disappearance
the B CO species increases with the introduction of O2. This
indicates that either there is a competitive chemisorption
tween the oxygen and the B CO species or that an oxida
of the B CO species contributes to their removal. The
sence of a significant molar fraction of CO at the outlet
the reactor at the introduction of O2 does not support th
competitive adsorption, whereas a fraction of the CO2 pro-
duction during the initial part of the IP can be associated w
the oxidation of the B CO species. This allows us to assu
that the IP is mainly linked to the increase in the numbe
s1 sites by oxidation of the B CO species. This oxidat
has (a) a limited impact on the amount of CO2 production
(B CO species represent less that 8% of the total am
of adsorbed CO) and (b) a strong impact on the increas
the number ofs1 sites. In summary, as compared with t
literature data that evoke only a desorption process for
formation of thes1 sites, we believe that this process is d
to (a) the desorption of the B CO species during the hel
purge before the oxidation and (b) mainly the oxidation
the B CO species in the presence of O2. The qualitative ex-
planation of the IP, taking into consideration the increas
the number ofs1 sites during oxidation, is as follows[12–
14]: (a) at high coverage of the Pt surface by the adsor
In

d

CO species, the formation of news1 sites adsorbing O2 leads
to a progressive increase in RCO2(t) during the initial stage
of the isothermal oxidation and (b) the exhaustion of th
CO species on the surface decreases RCO2(t), leading to the
observation of a peak for RCO2(t) characterized bytm and
RCO2m. This qualitative interpretation of IP is insufficie
in the view of the microkinetic approach and inexact
specific experimental conditions. For instance, in a prev
work [20] on the isothermal hydrogenation into CH4 of ad-
sorbed carbonaceous species, it has been shown that t
crease in the number of sites adsorbing hydrogen must
form to a particular criterion for the observation of a peak
the rate of the CH4 production. The kinetic model develope
below, to interpret the IP during the isothermal oxidation
the adsorbed CO species, leads to a similar conclusion.

3.3. Kinetic model of the oxidation of adsorbed CO species
on Pt/Al2O3 at low temperatures

3.3.1. Surface elementary steps
According to the qualitative interpretation, the plausi

elementary steps involved in the IP of the isothermal ox
tion of the adsorbed CO species are as follows:

Step Sa. Desorption of the B CO species and the for
tion of s1:

Bads→ CO+ x s1,

where the rate constant iskdB; activation energy of desorp
tion EdB equal to the heat of adsorption of the B CO spec
(nonactivated chemisorption).

Step Sa is the single elementary step during the he
purge before oxidation. The stoichiometric coefficientx is
introduced to take into account the fact that we do not kn
the number of Pt0 sites adsorbing the B CO species that m
be liberated to create ones1 site for the formation of Owads
(x � 1).

Step S2. The adsorption/desorption equilibrium (beca
of the large O2 excess) of Owads on thes1 sites (notation
used in[2–4]):

O2(gas)⇔ 2Owads,

where adsorption coefficientKO2 = kaO2/kdO2; kaO2 and
kdO2 are, respectively, the rate constants of adsorption
desorption of the Owads species, with a heat of adsorptio
EO2 = EO2d − EO2a (EO2a andEO2d are, respectively, th
activation energies of adsorption and desorption).

Step Sb. The L-H step for the oxidation of the B C
species and the formation ofs1 sites:

B + Owads→ CO2 + x s1,

where the rate constant iskOB and activation energy isEOB.
Step S3. The L-H step for the oxidation of the L C

species (this L-H step has been previously studied forD <

0.5 [2–4]):

L + Owads→ CO2 + Pt0L,

where the rate constant isk3 and activation energy isE3.
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The amount of CO2 produced in the peaks inFigs. 1, 3–
7 come mainly from step S3 (the L CO species is the m
adsorbed species), whereas step Sb contributes to CO2 pro-
duction during the induction period. The PtL sites in step S3
adsorb O2 to form strongly adsorbed Osadsspecies in par
allel to the removal of the L CO species (Fig. 3 and[2,3]).
However, the Osadsspecies do not contribute significantly
the oxidation of the L CO species (see Fig. 7 in[2]) because
they have a low reactivity at low coverages[5].

3.3.2. Mathematical formalism linked to the induction
period

From the elementary steps Sa, S2, Sb, and S3 a s
differential equations can be formulated and then so
numerically to determine the evolutions of the surface c
centrations of L, B,s1, and of the rate of CO2 production,
with the use of acceptable values of the different kinetic
rameters to obtain the best agreement between theor
and experimental curves. However, a mathematical solu
is available that takes into consideration reasonable sim
fying assumptions linked to the experimental observatio
This provides mathematical expressions that clearly q
tify the impact of the main kinetic parameters on IP. T
following simplifications are adopted:

(a) The experimental rate of CO2 production, RCO2(t)
(Figs. 1, 3–7), is the sum of the rate of oxidation of th
L CO species (denoted RCO2L(t)) from step S3 and o
the B CO species (denoted RCO2B(t)) from step Sb.
Considering that the L CO species dominates the
adsorption (>92% of the amount of adsorbed CO), it
assumed that the RCO2(t) peak inFigs. 1, 3–7is due
only to RCO2L(t), whereas RCO2B(t) contributes to
RCO2(t) during the initial stage of the IP. This lea
us to assume that the kinetic model of the experime
RCO2(t) peaks inFigs. 1, 3–7is linked to RCO2L(t).

(b) The Owadsspecies are formed on thes1 sites liberated by
the removal of the B CO species either by step Sa du
the helium purge before oxidation or by steps Sa and
during the oxidation. However, consideringFig. 2, it is
assumed that step Sa is negligible as compared with
Sb during oxidation.

(c) Step S2 is considered at the adsorption equilibrium
the availables1 sites. The amount of Owadsspecies (i.e.
surface concentration) increases during the oxida
because of the increase in the number ofs1 sites (step
Sb), whereas the coverage of those sites,θOwads, remains
constant. Considering the Langmuir’s model for wea
adsorbed dissociative species, the coverage of the Owads
species is[2–4]

(2)θOwads ≈
√

KO2PO2.

From assumption (a), the kinetic model of RCO2Lt)
must allow one to explain the RCO2(t) peak inFigs. 1, 3–7.
From the classical formalism of the rate of a L-H element
f

l

in term of coverages (mean-field approximation), RCO2Lt)
is given by expression(1). The pre-exponential factor of th
rate constant of an L-H step such as Sb and S3 used i
classical kinetic model is 1012 to 1014 s−1 [21–23], and in
the present study it is considered equal tokT /h ≈ 1013 s−1,
wherek andh are Boltzmann’s and Planck’s constants,
spectively. The formalism of expression(1) is not adapted to
take into account the increase in the number ofs1 sites ac-
cording to steps Sa and Sb. It is more informative to use
superficial concentrations of the different sites and adso
species: molecules (or sites) per unit surface area (cm2) of
Pt surface. For instance, expression(1) can be modified a
follows (with the notation of steps Sa, S2, Sb, and S3):

(3)

−dL(t)

NTL dt
= k3(s)

L(t)

NTL
θOwads ⇒

−dL(t)

dt
= k3(s)L(t)θOwads,

where (a) NTL represents the highest surface concentra
of L CO species (this species dominates the CO adsorp
and roughly NTL ≈ 1014 to 1015 molecules/cm2, assuming a
Pt atomic radius of 1.39× 10−10 m [21]); (b) L(t) is the sur-
face concentration of the L CO species after a durationt of
the oxidation: at timet = 0 (after a desorption durationtd),
L(0) = NTL because the L CO species is strongly adsorb
(c) the notationk3(s) indicates that the unit of the rate co
stant is s−1. The coverage of the Owads species at timet of
the oxidation is

(4)θOwads =
QOwads(t)

S1M
,

where (a) QOwads(t) is the surface concentration of Owads
species after an oxidation durationt and (b) S1M is the
highest number ofs1 sites that can be available for the a
sorption of the Owads species. This number is linked by th
factorx to NTB, the total number of Pt sites adsorbing the
CO species (NTB ≈ 0.08 (NTL + NTB) for D ≈ 0.5 [10]).
The ratio between the amount of B and L CO species
creases slightly with the increase inD. For instance, on 2.9%
Pt/Al2O3 the ratio of the IR band intensities B CO/ L C
increases from 0.124 to 0.132 after the P1 procedure
six P3+ P2 procedures, respectively. This is line with
study of Sarkany and Gonzalez[24], who have observe
that the ratio of the IR band intensities of the B CO/ L C
species increases from 0.19 to 0.23 on a 6% Pt/Al2O3 cat-
alyst, whereas the Pt dispersion decreases from 0.57
CO/Pt = 0.7) to 0.12 (ratio CO/Pt = 0.52). The author
conclude that the percentage of B CO species is larg
a lower dispersion[24]. Similarly, Vannice et al.[25] have
shown that the ratio CO (L and B CO species)/Pts (Pts mea-
sured by hydrogen chemisorption) increases slightly wi
decrease in particle size (see Table 2 in[25]), indicating that
the L CO species is favored at high dispersions. The
that high Pt dispersions decrease the proportion of B
species is probably linked to the modification of the str
ture of the particles. For instance, Hayden et al.[26] have
shown by IRAS that the adsorption of CO leads to the
mation of L and the B CO species on Pt(111), whereas t
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is no B CO species on a stepped surface. Finally, it is
sonable to assume that the ratio B CO/L CO decreases with
a increase inD, and we assume that roughly NTB is approx-
imately� 0.1 NTL in sites/cm2 of Pt surface, regardless o
the value ofD. The substitution of(4) in (3) leads to

(5)
−dL(t)

dt
= k3(s)L(t)

QOwads(t)

S1M
= k3L(t)QOwads(t),

where the unit of the pre-exponential factor ofk3 on the right
side of (5) is cm2/(sites s), with a value roughly equal
≈ (kT /h)/(0.1× 1015) = 10−1 cm2/(molecule s−1), which
is a value similar to that estimated for Pt(111) at low cov
age of the reactants[23]. In (5), QOwads(t) = S1(t) θOwads,
where S1(t) is the number ofs1 sites effectively free fo
the activation of O2, because of the removal of the B C
species. Considering weakly adsorbed oxygen species
pression(2) indicates thatθOwads � 1 and QOwads� S1(t),
regardless oft . Finally, expression(5) gives the rate of the
CO2 production (molecules/(cm2 s)) from the oxidation of
L CO species (step S3)

(6)RCO2L(t) = −dL(t)

dt
= k3L(t)θOwadsS1(t).

Similarly, according to step Sb, the rates of disappearanc
the B CO species during the oxidation (rate of CO2 produc-
tion: RCO2B(t)) and of the appearance of thes1 sites are
given by

(7)
dS1(t)

x dt
= −dB(t)

dt
= RCO2B(t) = kOBB(t)θOwadsS1(t),

where B(t) is the surface concentration of B CO species
time t of the oxidation. The left side of expression(7) al-
lows one to determine the relationship between S1(t) and
B(t) during the oxidation:

(8)S1(t) + xB(t) = S1(0) + xB(0) = N0,

where S1(0) and B(0) are the surface concentrations os1
and B CO species at time 0 of the oxidation: their values
fixed by the desorption stage before the oxidation accor
to td andEdB. During this helium purge only step Sa is o
erative, and it leads to an expression similar to(8) (with t ′
denoting the time on stream in helium)

(9)S1(t ′) + xB(t ′) = S1(t ′ = 0) + xB(t ′ = 0).

The B(t ′ = 0) value is provided by the adsorption eq
librium of the B CO species at 300 K forPCO = 1 kPa[10]:
≈ 1 and≈ 0.85 on highly (D � 0.6) and on lowly (D � 0.6)
dispersed Pt catalysts due to the decrease in EB1 with the
decrease inD [10]. The IP is linked toD > 0.6, giving
B(t ′ = 0) = NTB and S1(t ′ = 0) = 0 and, finally, after a du
ration t ′ = td of the desorption,

(10)S1(td) = x
(
NTB − B(td)

)
.

Expression(10) provides the relationship between t
various sites involved in the activation of Owadsat timet = 0
-

of the oxidation:

S1(0) = x
(
NTB − B(0)

)
or N0 = xNTB

(11)(considering relation(8)).

B(0) is the amount B CO species at the end of the desorp
Expressions(7) and(8) give

(12)
dS1(t)

S1(t)(N0 − S1(t))
= kOBθOwadsdt,

which after integration (att = 0, S1(0)) provides S1(t)

(13a)

S1(t) =
(

N0S1(0)

N0 − S1(0)

)[
1

S1(0)
N0−S1(0)

+ exp(−kOBN0θOwadst)

]
.

Considering S1(0) = (N0 − xB(0)) from (8) and N0 =
xNTB (11), then(13a)gives

S1(t) =
(

xNTB(NTB − B(0))

B(0)

)

(13b)×
[

exp(kOBN0θOwadst)

1+ NTB−B(0)
B(0)

exp(kOBN0θOwadst)

]
.

RCO2L(t) presents a peak for d(RCO2L(t))/dt = 0. Ex-
pression(6) shows that this corresponds to

(14)S1(t)
dL(t)

dt
+ L(t)

dS1(t)

dt
= 0.

Expression(14) can be modified with the use of expre
sions(6) and(12), and the amount of S1 sites at the ma
mum of RCO2L(t) (after a durationtm of the oxidation) is
given by

(15)S1(tm) = kOBN0

kOB + k3
.

Expressions(13a)and(15)providetm

(16)tm =
(

1

kOBN0θOwads

)
ln

[(
N0

S1(0)
− 1

)
kOB

k3

]
.

The substitution in(16)of N0, S1(0), andθOwads from ex-
pressions(8), (11), and(2), respectively, leads to

(17)

tm =
(

1

kOBxNTB
√

KO2PO2

)
ln

[(
B(0)

NTB − B(0)

)
kOB

k3

]
.

A positive tm value requires that

(18)

(
B(0)

NTB − B(0)

)
kOB

k3
� 1 or B(0) � NTBk3

kOB + k3
.

The advantage of expression(17)as compared with a nu
merical solution of the differential equations is to reveal
main impacts of the experimental and kinetic parameter
the IP: seven parameters control the timetm at the maxi-
mum of the RCO2(t) peak inFigs. 1, 3–7. The evolution of
the amount of L CO species during oxidation is obtained
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integration of(6) after the substitution of S1(t) by expres-
sion(13b)

L(t) = L(0)

/((
B(0)

NTB

)k3/kOB
[
1+

(
NTB − B(0)

B(0)

)

(19)× exp(kOBxNTBθOwadst)

]k3/kOB
)

,

where L(0) is the surface concentration of the L CO spe
at time 0 of the oxidation. Note that (a) L(0)= NTL because
the L CO species does not desorb during the helium p
(high heat of adsorption) and (b) the coverage of the L
species isθL(t) = L(t)/L(0). The substitution of L(t) (ex-
pression(19)) and S1(t) (expression(13b)) in (6) provides
RCO2L(t) (unit: molecules of CO2/(cm2 s)):

RCO2L(t) = k3L(0)θOwadsx
(
NTB − B(0)

)
× exp(kOBxNTBθOwadst)/((

B(0)

NTB

)k3/kOB+1[
1+

(
NTB − B(0)

B(0)

)

(20)× exp(kOBxNTBθOwadst)

]k3/kOB+1)
.

The value of the rate at the maximum of the pe
RCO2Lm, is obtained by the introduction oftm (expression
(16)) in (20):

RCO2Lm = kOBL(0)xNTB

(
NTB

B(0)

)k3/kOB

(21)×
(

k3

kOB + k3

)k3/kOB+1√
KO2PO2.

The kinetic model developed for the oxidation of the
CO species can be applied for the oxidation of the B
species, provided

RCO2B(t) = −dB(t)

dt
= kOBB(t)S1(t)θOwads

from the elementary step Sb (S1(t) is given by express
(13a)or (13b)). The expressions for B(t) and RCO2B(t) are
obtained from(19) and(20), respectively, after the replac
ment ofk3 by kOB and L(t) by B(t). Note that forD � 0.5,
the helium purge decreasesθB to a low value due to the low
EdB values, and S1(0) is very high (S1(t) does not chang
very significantly during the oxidation). This allows us
use expression(1) for the study of the L-H steps S3[2–4].

3.4. Exploration of the kinetic model with consideration of
the experimental data on the IP

Considering that the contribution of the B CO specie
the CO2 production is negligible at the maximum of th
peak, RCO2(t) ≈ RCO2L(t), expressions(18), (17), and
(21)allow us to quantify and interpret the impacts of the v
ious experimental parameters ontm and RCO2m in Figs. 1,
3–7.
3.4.1. On the observation of an induction period
Expression(18) indicates that a peak can be detected

RCO2L(t) only if B(0) (the number of B CO species
time t = 0 of the oxidation) is higher than a particular val
(like (20), expression(18) is a criterion for the observatio
of a peak). For instance, assumingkOB ≈ k3, B(0) must be
higher than NTB/2: if the number of B CO species is low
than this value, then RCO2L(t) is similar to a decreasing ex
ponential (a true decreasing exponential profile is obta
for B(0) ≈ 0 [2–4]). Clearly, the presence of an IP is depe
dent on the B(0) value that is determined by the desorp
of the B CO species before oxidation according to (a)
EdB values (equal to EBθB , the heat of adsorption) that a
dependent onD [10] and (b) the durationtd of the desorp-
tion. For instance, ifEdB is low (D < 0.5), then the B CO
species significantly desorbs during a short (<80 s) helium
purge and B(0) is very low; the criterion(18) for the obser-
vation of an IP cannot be obeyed (the profile of RCO2(t) is
similar to a decreasing exponential). This is the situation
the present 2.9% Pt/Al2O3 catalyst withD � 0.5 [2,3], be-
cause EB1 = 45 and EB0 = 94 kJ/mol [8]. For D > 0.6, it
has been shown that EB1 increases significantly and ther
fore the amount of B CO species decreases more sl
with td. This makes it possible to obtain a B(0) value t
conforms to the criterion(18), leading to the detection of
peak for RCO2(t). Note that the criterion(18) is also depen
dent onk3 andkOB, which can be affected by experimen
factors such asD or the number of O/R cycles. Moreove
if NTB decreases (i.e., high Pt dispersions penalize th
CO species[24,25]), then tm increases (expression(17)),
whereas RCO2Lm decreases (expression(21)). This factor
comes into play, in addition to the increase inEθB with the
increase inD. This is the situation observed forD > 0.84:
a peak for RCO2(t) is not detected after 10 min of isothe
mal oxidation at 300 K[10].

3.4.2. Impact of the O2 partial pressure
Expression (17) shows that when all of the other par

meters are unchanged (i.e., NTB, which is dependent onD
and B(0) for the same duration of desorptiontd), tm is pro-
portional to 1/

√
PO2, as observed experimentally inFig. 7;

the ratiotm (PO2 = 2 kPa)/tm (PO2 = 4 kPa) = 1.48, which
is consistent with the expected theoretical value

√
2. Sim-

ilarly, expression (21) shows that RCO2Lm is propor-
tional to

√
PO2, as observed inFig. 7; RCO2Lm (PO2 =

4 kPa)/RCO2Lm (PO2 = 2 kPa) = 1.398, which is consis
tent with the theoretical value

√
2. Note that the impact o

PO2 clearly confirms the fact that it is step Sb and not step
that controls the formation of thes1 sites during oxidation
In other words, step Sa creates thes1 sites during the purg
in helium before the oxidation, and it is step Sb that increa
the number ofs1 sites during the oxidation.

3.4.3. Impact of the oxidation temperature
Zhou and Gulari have shown without a kinetic mo

(their theoretical support is that of Bonzel and Ku[15]) that
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Fig. 8. Evolution of ln(tm) as a function on 1/TO on Pt/Al2O3 catalysts: (a)
1, 1.2% Pt/Al2O3 (D = 0.78); (b) !, 2.9% Pt/Al2O3 (D = 0.73); (c) +,
from the data of Li et al.[14].

ln(tm) = f (1/TO) is a straight line with a positive slope fo
the isothermal oxidation of adsorbed CO on Pd/Al2O3. Ex-
pression(17)shows that

(22)ln tm = EOB − EO2/2

RTO

+ C1.

In expression(22), C1 can be considered to be const
because the variation of the logarithmic term in(17)with TO

is limited in particular for similarkOB andk3 values. Expres
sion(22)shows that the slope of ln(tm) = f (1/TO) provides
EOB − (EO2/2). Curves a and b inFig. 8show that straigh
lines are effectively observed for the 1.2 and 2.9% Pt/Al2O3

catalysts (for the data inFig. 5for 2.9% Pt/Al2O3) with sim-
ilar slopes, providingEOB − (EO2/2) = 44 kJ/mol. Curve c
in Fig. 8 is obtained from the data of Li et al.[14] (see Ta-
ble 1 in[14]) for a 1% Pt/Al2O3 catalyst: the slope provide
EOB − (EO2/2) ≈ 40 kJ/mol, a value in very good agree
ment with the present study, considering the difference
the experimental procedures, showing thatEOB − (EO2/2)

is the same on the three Pt catalysts, whereas for pallad
Zhou and Gulari found a value of 90 kJ/mol [13]. Moreover,
the fact that the slopes of ln(tm) = f (1/TO) are positive
(Fig. 8) indicates thatEOB > EO2/2. The activation energ
of oxidation of adsorbed CO species on various Pt surfa
is in the range of 65–90 kJ/mol [15,21,27–31]. The posi-
tive slope inFig. 8 requires thatEO2 � 100 kJ/mol, a value
significantly lower that that measured after adsorption of2

at 300 K on a Pt surface, that is, 175 kJ/mol at full cover-
age on the present 2.9% Pt/Al2O3 catalyst[5] (this value can
be compared with that at low coverage on a Pt(110) surf
332 kJ/mol [32]). The lowEO2 value linked to the positive
slopes inFig. 8 is consistent with the view that the adsorb
oxygen species involved in the CO/O2 reaction at low tem-
peratures[4,6] is weakly adsorbed (because of the prese
of the adsorbed CO species).
,

Fig. 9. Molar fractions of CO2 at the outlet of the micro reactor durin
the oxidation at 300 K of the adsorbed CO species on 2.9% Pt/Al2O3 with
D = 0.48: (a) td = 2 min of desorption in helium with 2% O2/2% Ar/He;
(b) without desorptiontd = 0 using 2% O2/2% Ar/He), and (c) without
desorptiontd = 0 using 0.1% CO/2% O2/2% Ar/He.

3.4.4. Impact of the desorption duration td
Expression(17) shows that the sign of d(tm)/d(B(0)) is

positive: the increase in B(0) increasestm. This means tha
for a given EBθB value (this parameter is dependent onD),
the shorter the desorption duration is, the higher B(0
and the longertm is, as observed inFig. 6 and in agree-
ment with the observations of Zhou and Gulari[13]. On
2.9% Pt/Al2O3 for D < 0.5, we have not detected an indu
tion period[3] because for low EBθB values, a short helium
purge (td � 120 s) decreases B(0) markedly and the criter
(18) is not obeyed. This situation is observed, for insta
(Fig. 9a), on 2.9% Pt/Al2O3 for D = 0.48 with 2% O2/2%
Ar/He after td = 120 s. Note that inFig. 9a, the initial in-
crease in RCO2(t) is related in part to the increase inPO2

during the switch (mixing curve). For the same dispers
Fig. 9b shows that a short induction period is observed
td = 0 corresponding to the switch 1% CO/1% Ar/He→ 2%
O2/2% Ar/He. This is due to the fact that B(0) is high
the absence of the desorption stage: forD = 0.48,θB ≈ 0.85
at the adsorption equilibrium withPCO = 1 kPa[8,10], and
the criterion(18) is now obeyed. Moreover,Fig. 9b clearly
reveals a first CO2 peak that is probably due to the oxid
tion of the B CO species. This interpretation is suppor
by the amount of CO2 produced in this first peak after th
deconvolution with the main CO2 peak,≈4 µmol/g, which
is compatible with the amount of B CO species on the
surface. Fortd = 0, a large fraction of the B CO species
oxidized during the 1% CO/1% Ar/He→ 2% O2/2% Ar/He
switch, justifying the approximation that step Sa is negl
ble compared with step Sb in the presence of oxygen.

3.4.5. The impact of the number of O/R cycles
It has been observed thattm increases with the number o

O/R cycles (Figs. 4 and 5). This can be linked to the Osads
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Fig. 10. Simulation of the rate of the CO2 production and of the coverag
of the L CO species during the isothermal oxidation at 324 K on 1
Pt/Al2O3 (D = 0.73) with PO2 = 2 kPa (see the text for more details): (
RCO2(t ) from the experimental data; (b) and (c) RCO2L(t ) and RCO2B(t)
from expression (20); (d) theoretical RCO2(t ) (= RCO2L(t ) + RCO2B(t));
(e) θL(t) from expression(19), and (f) RCO2(t ) with a higher B(0) value.

species formed in the course of the oxidation in parallel w
the removal of the adsorbed CO species. It has been s
[5] that a fraction of these Osadsspecies are not reduced
CO2 during the reduction stage in CO atT < 323 K. Ac-
cording to expression(17), the increase intm due to the
Osads species remaining on the surface can be linked
decrease in NTB (i.e., poisoning, reconstruction of the Pt s
face) and/or an increase inkOB.

3.4.6. Simulation of the RCO2L(t), RCO2B(t), RCO2(t),
and θL(t)

Expressions(19) and (20) and the similar expression
for the B CO species make it possible to compare theo
ical and experimental curves for RCO2(t) = RCO2L(t) +
RCO2B(t) andθL(t). Fig. 10a gives the experimental curv
for RCO2(t) at 324 K during isothermal oxidation with 2%
O2/2% Ar/He on 1.2% Pt/Al2O3 with a dispersionD = 0.65
aftertd = 80 s. For the theoretical curves,KO2 is provided by
the statistical thermodynamic for localized adsorbed spe
[4 and references cited therein]. Because of the large num
ber of kinetic parameters affecting the theoretical cur
the values used in the simulation must be considered s
quantitative. Curves b, c, d, and e inFig. 10give RCO2L(t),
RCO2B(t), RCO2(t) = RCO2L(t) + RCO2B(t), and L(t),
respectively, for the following values: (a)T = 324 K,
PO2 = 2 kPa, L(0) = NTL = 0.9×1014 molecules/cm2, and
NTB = 0.7 × 1013 sites/cm2 because of the experiment
condition; (b)E3 = 70 kJ/mol andEOB = 66 kJ/mol ([15,
21,27–31]and previous studies[2,3]); (c) EO2 = 36 kJ/mol
(estimated values[2,3]) and B(0)= 0.98 NTB andx = 1/4
(arbitrary, to obtain theoretical curves similar to the exp
mental curves). Several other sets of values provide the
n

-

-

ical curves similar to curves b–e due to the opposite imp
of some parameters. However, the activation energies o
idation and the heat of adsorption of O2 cannot be sharpl
different (factor� 1.2) from those used inFigs. 10b–e. In
particular, the simulation indicates that the values ofE3 and
EOB must be similar (with a difference of a few kJ/mo
Note thatEOB − EO2/2 = 48 kJ/mol is consistent with the
value determined fromFig. 8. In Fig. 6, it is observed tha
the decrease intd increasestm without a strong modification
of RCO2m. This situation can be simulated by an incre
in B(0) to 0.999 NTB (i.e., for td = 0) without changing
the other parameters, as shown inFig. 10f; the RCO2m val-
ues are similar in curves d and f, whereas thetm values are
different. The simulations inFig. 10 show the difficulties
that are encountered for a numerical solution for the se
differential equations from steps Sa, S2, Sb, and S3 b
on the best agreement between theoretical and experim
curves; the large number of kinetic parameters and their
sible dependence on the coverage of the Pt surface may
to various sets of kinetic parameters. The merit of the m
ematical expressions(17)–(21) is that they show how th
different parameters affect simple experimental data s
astm and RCO2m.

3.5. Contribution of the kinetic model to the microkinetic
approach to the CO/O2 reaction

The kinetic model of the oxidation of the adsorbed C
species on Pt/Al2O3 supports the view that the Pt0 sites
allowing the formation of the Owads species are those a
sorbing the B CO species (and/or the 3FC CO species).
of the key points of this interpretation is that the high ELθL

values (i.e., EL1 = 110 kJ/mol) do not allow the desorptio
of the L CO species atT < 380 K, in contrast to the B CO
species that have low EBθB values (EB1 = 45 kJ/mol and
EB1 = 57 kJ/mol for D � 0.6 andD � 0.6, respectively). It
is well known that a increase inPCO decreases the rate of th
CO/O2 reaction at low temperatures, and−1 kinetic order is
observed for the CO reactant[11,21,22,33]. This impact of
PCO can be explained by the fact that the EB1 values make i
possible to maintainθB > 0.85 at 300 K forPCO = 1 kPa, re-
gardless of the value ofD (with θB ≈ 1 for D > 0.85) [10].
In the presence of CO, these highθB values limit the numbe
of s1 sites available for the adsorption of the Owads species
(note that the low heat of adsorption of Owadsprevents a des
orption of the B CO by a competitive chemisorption). T
impact ofPCO is well revealed by a study of the evolutio
of RCO2(t) during the isothermal oxidation of the adsorb
CO species in the presence of a small amount of COg. For
instance,Fig. 9c gives RCO2(t) at 300 K on 2.9% Pt/Al2O3
for D = 0.48 with the switch 1% CO/1% Ar/He→ 0.1%
CO/2% O2/2% Ar/He. The comparison withFig. 9b (switch:
1% CO/1% Ar/He→ 2% O2/2% Ar/He) clearly shows tha
the small CO partial pressure suppresses the CO2 peak. Note
that RCO2(t) increases progressively (Fig. 9c) to a roughly
constant value (rate of the CO/O2 reaction); this probably
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corresponds to a change in the adsorption equilibrium c
erageθB associated with the decrease inPCO from 1 kPa
to 0.1 kPa. Only an increase inTO may decreaseθB sig-
nificantly (θB decreases because of (a) the modification
adsorption equilibrium and (b) the oxidation reaction
cording to step Sb). A decrease inθB increases QOwads,
favoring the oxidation of the L CO species and the TOF
the CO/O2. This leads to the conclusion that the lower TO
values at high Pt dispersions[10,11]come from the increas
in EBθB with D: the higher EBθB is, the lower the numbe
of s1 sites is (adsorbing the Owadsspecies) and the lower th
TOF is. It must be noted that the impact ofPCO on RCO2(t)
(Fig. 9c) underscores the importance of the design of the
periments linked to the study of IP; for a large dead volu
of the reactor, the decrease inPCO according to the mixing
curve can be very progressive, leading to long induction
riods. This probably explains the observations of Dwyer
Bennett[12] on the impact of the gas flow rate on the
studied with an IR cell reactor.

3.6. Comparison of the present kinetic model for Pt/Al2O3

with that for a Pt single crystal [15]

Bonzel and Ku[15] have performed experiments o
Pt(110) similar to the present study according to the follo
ing procedure. A flow of a CO/O2 mixture at a low pressur
is introduced onto Pt(110) surface at a temperature in
range of 393–453 K, and the rate of CO2 production is fol-
lowed with a mass spectrometer. Then the partial pressu
CO is suddenly decreased to perform an isothermal ox
tion of the adsorbed CO species. The rate of the CO2 produc-
tion, RCO2(t), is followed as a function of time on strea
in O2. As in the present study, the authors observe an in
tion period; RCO2(t) is very low att = 0 (steady state of th
CO/O2 reaction) and increases progressively, followed b
strong increase, leading to the detection of a well-defi
asymmetrical RCO2(t) peak with a maximum characterize
by tm and RCO2m. Moreover,tm decreases with increasin
TO from ≈240 s to≈30 s at 393 and 453 K, respectively, a
cording to a roughly linear profile for lntm = f (1/TO) (see
Figs. 2–3 in[15]). In contrast to the present study,PO2 has
no impact ontm [15]. To explain their experimental obse
vations, Bonzel and Ku consider the following element
steps[15]:

BK0 COads+ O2 → CO2 + Oads rate constant,k0;
BK1 O2 + 2σ → 2Oads rate constant,k1;
BK2 COads→ CO+ σ rate constant,k2;
BK3 COads+ Oads→ CO2 + 2σ rate constant,k3,

whereσ is a Pt site adsorbing either COadsor Oads(compet-
itive chemisorption). The nature of COads(i.e., L, B, or 3FC
CO species) is not considered[15]. During the isotherma
oxidation of the adsorbed CO species on Pt(110), (a)
BK0 (Eley–Rideal elementary step) is neglected beca
PO2 has no impact on RCO2(t) and (b) step BK1 is no
f

considered a determining factor because of the large O2 ex-
cess[15] (this is similar to our assumption that Owads is at
the adsorption equilibrium). Finally, these various assu
tions lead to the situation that the Pt sites available for
oxygen adsorption are due to the desorption and the ox
tion of COads. The authors apply the mean-field formalis
considering a competitive chemisorption on the same Pt
that leads to[15]

(23)θv + θOads+ θCOads = 1.

Assuming that the surface is mainly covered by Oads and
COads(θv ≈ 0) [15], then(23)provides

(24)θOads + θCOads ≈ 1.

This situation corresponds to two strongly adsorbed
and oxygen species, and it is similar to the situation stud
previously on the present Pt/Al2O3 catalyst for the reduction
by CO of the Osadsspecies formed by adsorption of O2 on
the freshly reduced catalyst[5].

Steps BK2 and BK3 lead to

(25)
−dθCOads

dt
= k2θCOads + k3θCOadsθOads,

(26)RCO2(t) = k3θOadsθCOads.

The integration of(25) with the consideration of(24) pro-
vides θCOads = f (t) and then RCO2(t) with a maximum
at [15]:

(27)tm = 1

k2 + k3
ln

[
(2k2 + k3)θCOads(0)

(k2 + k3) − k3θCOads(0)

]
,

whereθCOads(0) is the coverage of COads at time 0 of the
isothermal oxidation. Expression(27) differs from expres-
sion (17) but also presents some similarities. In particu
the detection of a RCO2(t) peak requires that the loga
rithm term of (27) is positive, leading to the definition o
a criterion similar to(18) for the observation of an IP
this criterion isθCOads(0) � 1/2. The point of interest is
that the authors compare the experimental and theore
curves RCO2(t) (expression(26)), which are similar to the
presentFig. 10. They indicate that a reasonable agreem
imposes (a)k3 	 k2, meaning that the desorption is ne
ligible (high activation energy of desorption of the COads
species) during the isothermal oxidation (this is also the
uation for Pt/Al2O3) and (b)θCOads(0) ≈ 1, in line with the
criterionθCOads(0) � 1/2. Expression(27)), associated with
k3 	 k2, explains that lntm = f (1/TO) is a straight line
(the logarithm of the second term on the right side of(27))
does not vary strongly with 1/T ); the slope provides th
activation energy of step BK3,E3 ≈ 51 kJ/mol [15]. Fi-
nally, the main difference in the experimental data link
to the isothermal oxidation of the adsorbed CO specie
[15] and in the present study is thattm is not dependen
on PO2 on Pt(110), in contrast to Pt/Al2O3 (Fig. 7). The
two kinetic models show that this difference is due to
fact that the elementary steps involved in the oxidation
the adsorbed CO species are different: a reaction betw
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strongly adsorbed CO and oxygen species on the same
on Pt(110) and a reaction between a strongly adsorbed
species and a weakly adsorbed oxygen species forme
different sites on Pt/Al2O3. This key difference is probabl
linked to the experimental conditions (material and pres
gaps), as discussed in a previous study[5]. For instance
the low pressures used on Pt(110) prevent the impact
weakly adsorbed oxygen species during isothermal ox
tion. It must be noted that we have shown previously
the two L-H steps can be studied on Pt/Al2O3: that between
strongly adsorbed CO and oxygen species is implicated
ing the reduction by CO of Osads species formed by th
adsorption of O2 on a freshly reduced solid[5] (situation
denoted Pt–O surface, L-H elementary denoted S3a,[6,10]),
whereas that between the strongly adsorbed L CO sp
and the Owads species corresponds to the oxidation by2
of preadsorbed CO species (situation denoted Pt–CO,
mentary step denoted S3;[6,10] and present study). The fa
that the oxidation temperaturesTO > 393 K used by Bonze
and Ku[15] are significantly higher than those in the pres
study (TO < 353 K) is due to the necessity to decrease
coverage of the L CO species by desorption to create
first sites for the formation of Osads. Simple calculations with
the assumption that EL1 = 115 and EL0 = 206 kJ/mol [8]
show thatθL = 0.97 for td = 10 min atT = 353 K. More-
over, a highTO value is also imposed by the rate const
of the L-H step S3a between strongly adsorbed specie
decreases strongly with the decrease in the coverage o
oxygen species on Pt/Al2O3 [5]: the activation energy in
creases from 65 to 110 kJ/mol at θOsads = 1 and 0.39, re
spectively[5] (atθOsads= 1 the reaction is observed at 223
[5]). A similar dependence of the rate constant of oxi
tion with the coverage of the Osadsspecies is observed o
single crystals[34,35]. This makes it possible to assum
that a significant CO2 production is observed on Pt(11
for TO > 393 K becauseθOsads increases from a very low
value (at t = 0 the Pt(110) surface is mainly covered
COads). The dependence of the rate constant of oxida
on θOsads is consistent with the fact that Bonzel and Ku[15]
observe an asymmetrical RCO2(t) peak; it increases slowl
and it decreases rapidly. Their kinetic model, assuming a
constant of oxidation independent onθOsads, leads to a sym
metrical RCO2(t) peak[15]. The asymmetrical peak is du
to the increase in the rate constantk3 with the increase in
θOsads. It can be noted thatE3 = 51 kJ/mol, determined by
the slope of ln(tm) = f (1/TO) (when the coverage of th
Osadsspecies is high), is in reasonable agreement with
obtained on 2.9% Pt/Al2O3 for the reaction between Osads
and L CO species: 65 kJ/mol atθOsads≈ 1 [5].

In conclusion, this comparison reinforces the view de
oped in previous studies[2–6] that the apparent contradi
tions between single crystals and metal-supported cata
concerning the CO/O2 reaction on Pt is mainly linked to th
fact that two L-H steps can be considered. The first L-H s
(denoted S3a in[5,6]) corresponds to the reaction of strong
adsorbed CO (L CO species) and oxygen species (Osads). It
s

n

s

-

t
e

is observed on single crystals and only after the forma
of a Pt–O surface on Pt/Al2O3 [4,5]. The second L-H ste
(denoted S3) corresponds to the reaction of a strongly
sorbed CO species (L CO) and a weakly adsorbed oxy
species Owads. It is observed on Pt/Al2O3 during the oxida-
tion of the strongly adsorbed L CO species forming a Pt–
surface[6]. On single crystals, UHV conditions do not a
low the involvement of a weakly adsorbed species du
the oxidation. Moreover, considering the assignment of
s1 sites adsorbing the Owads species to the removal of th
B CO species, one may believe that the material gap
lead to a situation where these sites are absent from
ticular single crystals. For instance, B CO species are
detected on stepped surfaces[26]. Note that whatever th
kinetic model (present study or[15]), ln(tm) = f (1/TO) is
a straight line. However, the slope provides either the a
vation energy of the L-H steps (Bonzel and Ku model)
EOB − EO2/2 (present study).

4. Conclusion

The present study has shown that the isothermal ox
tion of the adsorbed CO species on Pt/Al2O3 leads to a
rate of the CO2 production, RCO2(t), with the durationt
of oxidation characterized by an induction period for h
Pt dispersions. A peak is observed that is characterize
tm and RCO2m that offers a way to characterize the L
steps between adsorbed CO species (L and B CO spe
and adsorbed oxygen species. Several experimental pa
ters affect thetm value, such as the Pt dispersion (D), the
oxidation temperature (TO), the duration (td) of the desorp-
tion before oxidation, and the oxygen partial pressure (PO2).
A kinetic model involving the adsorption of a weakly a
sorbed oxygen species, Owads, on the Pt0 sites liberated by
the removal of the B CO species provides a set of mathe
ical expressions that provide a reasonable explanation o
impact of the various experimental and kinetic parame
on tm and RCO2m. A comparison of the present study wi
the observations and the kinetic model for the isotherma
idation of the adsorbed CO species on Pt(110)[15] shows
that the pressure and material gaps may lead to a situ
where the L-H elementary steps studied are not the s
L CO + Owads on Pt/Al2O3 and L CO+ Osads(Osadsis a
strongly adsorbed oxygen species) on Pt single crystals
present study focuses on the impact of a small number o0

sites linked to the adsorption of the B CO species (and/o
3FC CO species) on the CO/O2 reaction. This underscore
one of the difficulties of the microkinetic approach to t
CO/O2 reaction: these sites must be differentiated from
total number of Pt0 sites.

In addition to the academic interest in the microkine
interpretation of the CO/O2 reaction as developed in th
present study, there is a more application-based perspe
it can be envisaged to orient the preparation of the Pt cat
to modify a kinetic parameter of interest to favor the TO
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as imagined by M. Boudart in the foreword of[1]. For in-
stance, for three-way exhaust gas catalysis the objective
decrease the light-off temperature (temperature atx% of CO
conversion, i.e.,x = 50). The microkinetic approach deve
oped in[2–10]shows that two orientations can be envisag
to increase the TOF. The first orientation consists of fav
ing the mechanism denoted M2 in[6] involving strongly
adsorbed L CO and oxygen species. This mechanism
lows the oxidation of the L CO species even atT < 273 K
but is not sustained during the CO/O2 reaction[6]. The sec-
ond orientation consists of improving the performance of
mechanism denoted M1 involving the strongly adsorbe
CO species and the weakly adsorbed oxygen species, fo
stance, by modification of the Pt sites adsorbing the B
species either through an increase of their number and
decrease of the heat of adsorption of the B CO species
by a decrease inD [4,6] or by modification of the Pt particle
by a second metal).
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Nomenclature and additional data

Main parameters

TO Oxidation temperature (denotedT if there is no am-
biguity);

PCO andPO2 CO and O2 partial pressures;
ta, td, andtO Durations of the isothermal adsorption, de

orption, and oxidation of the adsorbed CO spec
respectively;

t and t′ The time on stream in O2 and in helium during the
oxidation and desorption stages.

Pt0 sites and adsorbed species

L, B, and 3FC Linear, bridged, and threefold coordina
CO species, respectively;

Owads Weakly adsorbed oxygen species formed in
presence of adsorbed CO species;

Osads Strongly adsorbed oxygen species;
Pt0B, Pt0L, ands1 Pt0 sites adsorbing the B, L, and Owads

species, respectively (s1 sites are formed by the re
moval of the B CO species);

θL, θB, andθOwads Coverages of the adsorbed L CO, B C
and Owadsspecies.
-

,

r

Rate of CO2 production during the isothermal oxidation by
O2 of the adsorbed CO species

RCO2L(t)) and RCO2B(t)) Theoretical rates of oxidatio
of the L and B CO species, respectively (t time on
stream in O2);

RCO2(t)) Experimental and theoretical rates for the C2
production with RCO2(t) = RCO2L(t) +
RCO2B(t);

RCO2m andtm Characteristics of the peak maximum
RCO2(t).

Amount of adsorbed species per unit surface area of Pt (i.e.,
µmol/cm2 of Pt surface)

QOwads Amount of Owads;
NTL and NTB Highest numbers of L and B CO species

the Pt surface (NTB � 0.1 NTL);
L(t) and B(t) Amounts of L and B CO species after a du

tion t of the oxidation (L(0)= NTL);
S1(t) Amount ofs1 sites after a durationt of oxidation.

Kinetic parameters

k3 (E3), kOB (EOB) Rate constants (activation energies)
the L-H steps for the oxidation of the L and B C
species, respectively;

kdB, EdB Rate constant and activation energy of desorp
of the B CO species;

KO2, EO2, kaO2, andkdO2 Adsorption coefficient, heat o
adsorption, adsorption, and desorption rate c
stants of the Owadsspecies respectively;

ELθL , EBθB Heats of adsorption of the L and B CO spec
at several coverages (equal to the activation
ergies of desorption: nonactivated CO chemiso
tion);

M1 and M2 Kinetic models of the CO/O2 reaction (see[6]
for more details).

Additional data

Detailed development of expressions(8)–(21)is available
via an e-mail to D.B.
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