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Abstract

The simulation of temperature transient CO oxidation by molecular oxygen was performed over well-defined catalytic centers (ze
(Rh0) or oxidized (Rhx+)). Over both sites, a reliable estimation of CO light-off temperatures could be achieved. For this purpose,
kinetic rate equations were established from the proposed catalytic sequences of elementary steps. Over Rh0, the detailed rate equation
approximated to a simplified rate equation which is very close to the global power-rate equation, allowed for a good fitting of the trans
CO oxidation up to 60% conversion of CO. Over Rhx+, the preexponential factors and the activation energies of the kinetically signi
elementary steps were determined. The simulation of transient CO oxidation with the detailed rate equation allowed for a much b
the experimental data (up to 60% conversion) than that of the global power-rate equation (up to 10%). Rhx+ provides an excellent examp
of the superiority of the detailed kinetic rate equation over that of the global power rate, the evidence of which could not be reve
Rh0. Finally, for Rhx+, the nature of the kinetically significant elementary steps and the limits of these kinetics are discussed on the
the estimated preexponential factors.
 2004 Elsevier Inc. All rights reserved.

Keywords:Kinetics; CO oxidation; Global and detailed rate equations; Simulation; Temperature oflight-off; Catalytic sequence; Zero-valent rhodium;
Oxidized rhodium; Rate constant; Ceria–zirconia
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1. Introduction

CO catalytic oxidation has been studied extensively o
noble metal-based materials in the last couple of decade
[1–7, and references therein]. Although Ertl depicted
mechanism of this reaction as basically rather simple [4], he
emphasized that the catalyticoxidation of CO by molecula
oxygen could reveal much greater complexity at a mole
lar level. The rather complex kinetics of CO oxidation [4–
as well as the well-established importance of this chem
reaction in three-way catalysis for environmental concer
[8–10] sustain strong interest in this reaction [11–15]. It
indeed, of the utmost importance to improve the effect
ness of the catalytic converters in CO removal in orde
meet more stringent emission standards in the future [16

* Corresponding author. Fax: +33 1 44 27 60 33.
E-mail address:djega@ccr.jussieu.fr (G. Djéga-Mariadassou).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.03.011
For a gasoline engine, the selection of the most suit
three-way catalysts (TWC) can be achieved by determin
the temperature of light-off (Tlo corresponding to the tem
perature at which 50% conversion of a given compoun
completed) of pollutants (CO, NO, unburned hydrocarbo
For this purpose,a simulation of the transient CO oxidatio
over commercial catalysts isoneof the means of selectin
and evaluating the most suitable materials [13,14]. This s
ulation process requiresa rate equationtaking into accoun
the natureanddensityof active sites, as well as thesignif-
icant rate constants and activation energiesof the catalytic
process. Consequently, kinetics of the reaction and tran
experiments, at the laboratory scale, must be performe
establishthe best rate equationfor simulating the reaction
within the broader range of conversion of CO.

Despite extensive work performed on the kinetics of c
alytic CO oxidation, Ertl [4] stressed thata global power-
rate law was generally unable to describe the full kine
process under various operating conditions (for illustra
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of this statement, refer to Fig. 4 of the present work).
stresses, in particular, that over a palladium catalyst
global-rate law changes with temperature, the CO ads
tion step being eithernear equilibrium at low temperatur
or far equilibrium at high temperature [4]. Thus, adetailed
rate equation, based upon a sequence of elementary step
must be established to overcome the rather limited inte
of the global power-law equation in describing the kine
of a given reaction. If the global kinetics does not cha
with temperature or conversion, such a detailed rate equ
should fit the experimental data as it takes into account th
evolution of the reaction orders with respect to the reactan

In addition, most studies have considered only ze
valent noble metal atom, to describe the kinetics of CO
alytic oxidation [17–20]. Under similar experimental con
tions, a general agreement has been reported for the rea
orders with respect to reactants and the activation en
of the reaction over either rhodium single crystals [17]
silica- and alumina-supported rhodium catalysts [18–20]
the other hand, it must be emphasized that ceria alway
ters the composition of three-way catalyst supports bec
of its well-known beneficial properties on three-way c
alytic reactions [21,22]. Comparable studies performed o
catalysts containing ceria have shown, however, marked
crepancies concerning the kinetic parameters of the catalyt
oxidation of CO [20,23,24].

The promotional effect of ceria on the catalytic oxid
tion of CO has been ascribedeither to the occurrence o
an additional CO oxidation mechanism, involving oxyg
species at the interface of rhodium particles [13,14,23,24
to a catalytic site different from that of the usual zero-val
species [20], i.e., oxidized catalytic species. Hecker and Be
[25] have also suggested such oxidized rhodium specie
explain the higher CO–NO turnover rate observed ov
preoxidized silica-supported rhodium catalyst in comp
son to that found over a prereduced catalyst. More rece
the presence of noble metal-oxidized species has bee
ported by our group [26–28] and by Hedge and co-work
[29,30] over ceria-promoted catalysts. It must be emp
sized that the presence of such a species was sugges
the case of industrial catalysts [28] which is consistent w
results reported by Marin and co-workers [13,14]. These
thors were unable to achieve the modeling of transient
oxidation kinetics without including the aforementioned
ditional mechanism [23,24].

Finally, our group has reported very recently akinetic ev-
idenceof the presence of Rhx+ surfacecationsover a ceria-
promoted catalyst [15]. The CO oxidation kinetic study p
formed over well-defined catalytic sites, i.e., either zero
valent or oxidized rhodium species, allowed us to dem
strate that the turnover rate of the oxidation of CO by mo
ular oxygen of the zero-valent rhodium catalytic site was
times lower than that of the oxidized one at a tempera
of 428 K. This study has, thus, allowed us to reconcile
two main assumptions reported in the literature in expl
ing the promotional effect of ceria on the catalytic oxidat
n

-

-

in

of CO. Moreover, two different catalytic cycles, which cou
possibly explain the turnover rate differences found betw
the two catalytic species, were proposed. These catalyti
cles stressed that at least three zero-valent catalytic sit
close proximity were needed to complete the CO oxida
process, whereas only one was required in the case o
rhodium cation. These catalytic cycles might also exp
the observed competitive adsorption of CO and O2 over the
same catalytic sites, as indicated by the−1 reaction orde
with respect to CO found over the zero-valent catalytic c
ters, and thenoncompetitiveadsorption of the reactants ov
the oxidized catalytic site. In the latter case, the catal
cycle is comparable to those described for “homogene
catalysis, and the reaction occurs in the coordinative sp
of the rhodium cation.

The aim of this work is to bring additional insight o
the kinetics of CO oxidation by molecular oxygen over
two different kinds of rhodium catalytic sites, i.e., eith
zero-valent or oxidized catalytic centers. The detailed
equations are, thus, established according to the cata
sequences proposed consistently with the determined ex
mental reaction orders with respect to the reactants [15]. K
netically significant rate constants, activation energies,
preexponential factors of the Arrhenius equation are e
mated in the case of the Rhx+/Ce0.68Zr0.32O2 catalyst. The
simulation of the transient oxidation of CO over both c
alytic sites, based upon previous detailed rate equation
then presented. Finally, we shall discuss the limitation
kinetics in order to ascertain the nature of the kinetically
nificant elementary step.

2. Experimental

The silica (Degussa, Aerosil 50)-supported rhodium
alyst (0.66 wt% Rh) was prepared by incipient wetn
impregnation of the support by an aqueous solution
RhCl3, 3 H2O (Johnson Matthey). The ceria–zirconia (Rh
dia, Ce0.68Zr0.32O2)-supported rhodium catalyst (0.29 wt
Rh) was prepared by anionic exchange from an acidic s
tion of RhCl3, 3 H2O with the support [26]. After drying in
air at room temperature, the materials were dried at 39
for 3 h. Finally, the catalysts were crushed and sieved to
desired particle size (0.125–0.200 mm). A thorough desc
tion of the catalytic materials is shown in Table 1.

The exposed zero-valent rhodium atoms of both cata
were titrated through a benzene hydrogenation reaction
and the results from our previous work [15] are repor
in Table 1. This model reaction led to the conclusion t
the Rh/SiO2 material presented only zero-valent rhodiu
catalytic sites (about 97% of metal exposed), whereas
Rh/Ce0.68Zr0.32O2 catalyst contained only rhodium catio
[15], in agreement with previous work [26]. In this latt
work, it was shown that the amount of desorbed NO, for
adsorption–desorption measurements over Rh/CeZrO2 cata-
lysts with various Rh contents, was twice that of the total
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Table 1
Properties of the investigated catalysts

Catalysts

Rh0/SiO2 Rhx+ /Ce0.68Zr0.32O2

Weight sample (g) 0.101 0.200
Rh content (wt%) 0.29 0.66
dp (mm) 0.125–0.200 0.125–0.200
ρp (g L−1) 540 1240
PME as Rh0 (%) 97 0
PME as Rhx+ (%) 0 100
L (mol g−1

cat) 28.25× 10−6 62.38× 10−6

dp is the pellet diameter,ρp is the pellet density, PME as Rh0 is the rhodium

percentage of metal exposed as Rh0 determined by benzene hydrogenati
reaction [28], PME as Rhx+ (%) is the rhodium percentage of metal e
posed as Rhx+ in agreement with previouspublished results [26],L is the
specific concentration of surface Rh sites.

content, suggesting the formation of Rh dinitrosyl spec
and that 100% Rh was exposed as Rh cations [26].

Before runs, the catalyst samples were submitted
temperature-programmed pretreatment from 298 to 77
(3 K min−1). The temperature was then kept constan
773 K for 2 h. Silica– and ceria–zirconia-supported cataly
were submitted to a pretreatment under either pure hy
gen (Air Liquide, 100 cm3NTPmin−1) or a CO–NO–O2 stoi-
chiometric mixture in helium (1.50–0.20–0.65%, hour sp
velocity= 100,000 h−1) [26], respectively. After being pre
treated, the catalysts were flushed at 773 K for 15 min
der helium (230 cm3NTPmin−1), and the catalyst temperatu
was decreased to 298 K. Before carrying out kinetic m
surements, two subsequent and reproducible CO–O2 (0.4–
0.2% in He, 230 cm3NTPmin−1 total flow rate) temperature
programmed reactions were carried out from 298 to 77
with a heating rate of 3 K min−1 to ensure the reliability o
the activation procedure.

The kinetic study was conducted in a U-type quartz
namic differential microreactor (8 mm internal diameter)
Given the high HSV, the reactor section and the fairly l
volume of catalyst, a well-mixed gas mixture in contact w
the catalyst was created. The composition of the reac
gas mixture may, thus, be considered as identical to
analyzed at the outlet of thereactor which behaves as
continuous stirred tank reactor(CSTR) [31]. The synthetic
gas mixture was fed from independent mass-flow contro
(Brooks 5850). The reactor outflow was analyzed using b
a CO infrared detector (Maihak, Finor F) and a gas ch
matograph (HP 5890) equipped with a two-packed-colu
system (Porapak Q and Gas chrom MP-1) and a thermal
ductivity detector.

As CO oxidation is strongly exothermic, external and
ternal diffusion limitations were verified under transient e
perimental conditions. Koros–Nowak criteria were used [
External diffusion was first investigated by varying the to
flow rate (FTOT, L s−1), while maintaining a constant conta
time (t = V/FTOT (s),V being the catalyst volume (L)), b
adjusting the Rhx+/Ce0.68Zr0.32O2 catalyst loading (Fig. 1)
-

Fig. 1. CO–O2 temperature-programmed reactions (3 K min−1, 0.4–0.2%
in He) over cation rhodium catalytic sites (Rhx+ /Ce0.68Zr0.32O2):
(—) 0.4 g of catalyst andFTOT = 400 mL min−1, ( ) 0.2 g of catalyst and
FTOT = 200 mL min−1, (—) 0.1 g of catalyst andFTOT = 100 mL min−1.

These experiments show that external limitations only
curred at CO conversions higher than 60%. Internal diffus
was also investigated over Rhx+/Ce0.68Zr0.32O2 by varying
the grain size (0.125–0.200 or 0.200–0.315 mm) for a gi
contact time. As in the case of external diffusion, a devia
could be observed at CO conversions higher than 60%
shown). Finally, it can be concluded that both external
internal diffusions occurred for the CO–O2 reaction for CO
conversions higher than 60%.

The global kinetic parameters reported here were
tained under steady-state conditions (Table 2), while ope
ing the reactor isothermally and as closely to differential re
actor as possible by limiting the conversion to less than 1

CO oxidation transient experiments were simulated w
the help of the Microsoft Excel 97 software using a stand
PC computer. For the global-rate equation determined
Rh0/SiO2 [15], the simulation was performed according
the following method: The reaction rate was first estima
at a given temperature (T ) by means of the correspondin
rate equation,

(1)rRh0,global= kRh0,global[CO]−1
i [O2]+1

i ,

with kRh0,global = Aexp(−Ea/(RT )), kRh0,global, [CO]i ,
[O2] i , A, and Ea being the experimental kinetic consta
(mol L−1 s−1), the initial CO and O2 gas-phase concentr
tions (mol L−1), the preexponential factor (mol L−1 s−1),
and the activation energy (J mol−1), respectively.

The reactor mole balance of a CSTR was then conside

(2)FTOT[CO]T = FTOT[CO]i − rRh0,globalV,

with FTOT, [CO]T , andV being the total flow rate (L s−1),
the CO gas-phase concentration at a temperatureT (mol
L−1), and the reactor volume (L), respectively. In the c
of a CSTR, the reactor volume corresponds to the cata
volume. By dividing Eq. (2) byFTOT, the CO gas-phase con
centration can be calculated at a given temperature ([COT ):

(3)[CO]T = [CO]i − r 0 t .
Rh ,global
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Table 2
Reaction conditions used for the CO–O2 studies

Experiment [CO]
(%)

[O2]
(%)

Total flow rate

(m(LNTP) min−1)

T

(K)

Rh0/SiO2 CO reaction order 0.22–0.70 0.20 170–400 428 [15]
O2 reaction order 0.40 0.13–0.60 170–400 428 [15]
Activation energy 0.40 0.20 230 428–440 [15]
CO–O2 light-off 0.40 0.20 230 298–773 This stud

Rhx+/Ce0.68Zr0.32O2 CO reaction order 0.22–0.70 0.20 170–400 403 [15]
O2 reaction order 0.40 0.16–0.60 170–400 403 [15]
Activation energy 0.40 0.20 230 403–423 [15]
CO–O2 light-off 0.40 0.20 230 298–773 This stud
Elementary stepsa 0.40 0.18–0.25 170–400 398–413 This stu

a These reaction conditions refer to the determination ofk5 andk6 or k10 and the corresponding preexponential factors and activation energies, reported
Table 3, of elementary steps from Fig. 5.
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Finally, CO conversion at a given temperature (COconv.,T )
was calculated as

(4)COconv.,T (%) = [CO]i − [CO]T
[CO]i × 100.

3. Results and discussion

3.1. Kinetics and simulation of the transient CO oxidatio
experiment over zero-valent rhodium catalytic centers
(Rh0/SiO2)

As already noted in the Introduction, kinetics of CO o
idation over zero-valent sites has been addressed by m
authors [1,5,6,13,14,32–34]. It appeared relevant to br
recall how the rate equation may be established, in ord
provide the basis for a comparison with that of the rhod
cation site (Section 3.2), and to indicate the high degre
reliability of the simulation of CO oxidation using this ra
equation.

3.1.1. Overall reaction and global power-rate equation
The overall reaction, 2CO+ O2 = 2CO2, will be consid-

ered. For a conversion lower than 10%, the global power-
equation [5] has already been published by many diffe
groups [4,6,13,15,17–20,32,33]:

(5)rRh0,global= kRh0,global[CO]−1[O2]+1.

From our previous work [15], the global activation ene
(Ea,Rh0,global) and the preexponential factor (ARh0,global)

were estimated to 131 kJ mol−1 and 2.7×1012 mol L−1 s−1,
respectively.

3.1.2. Sequence of elementary steps and detailed rate
equation

To summarize, the well-established [6,13,18,34,35]
alytic sequence of elementary steps for CO oxidation o
zero-valent noble metal species, in agreement with ou
ready published catalytic cycle [15], is shown in Fig. 2.
y

Fig. 2. CO oxidation catalytic sequence over zero-valent rhodium atoms,∗
andσi being a zero-valent rhodium atom and the stoichiometric num
expressing the number of times each elementary reaction has to proce
the corresponding closed sequence to turn over once, respectively.

Symbols and definitions were recalled in a recent
per [34]. Symbols for elementary steps in a sequence
“one-way” or irreversible ( ), “two-way” or reversible, bu
far equilibrium ( ), or near equilibrium ( ). The sym-
bol ( ) stands for the rate-determining step (rds);σi is the
stoichiometric number that expresses the number of ti
each elementary reaction has to proceed for the corresp
ing closed sequence to turn over once; “∗” stands for free
Rh0 active site and adsorbed species M are symbolize
∗M. Ki and ki are equilibrium and rate constants, resp
tively.

At low temperatures and conversions, taking into
count the negative reaction order with respect to CO,∗CO
is assumed to be the most abundant reactive intermediat
(mari [34]). The high CO surface coverage is in agr
ment with Ertl’s data over palladium [4] and it also justifi
the molecular adsorption of oxygen in step 2. Let us
particular attention to this point. In the literature [13,3
justification for molecular adsorption of oxygen is som
what confusing. This elementary step could, thus, no
included “explicitly” in the catalytic sequence, as repor
by Oh et al. [32]. These authors [13,32] justified it on
basis of previous oxygen adsorption work performed o
“clean” metallic surfaces [36,37]. Under such experime
conditions, it is not surprising that oxygen dissociates,
probability of finding a pair of adjacent active sites be
rather high on a “clean” metallic surface. Under our rea
ing experimental conditions,∗CO being the mari, pairs o
free adjacent sites are not abundant, and statistically, ox
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only finds isolated free sites∗. Once∗CO has scavenged a
∗O species adjacent to an O∗O species (step 4), step 3 c
proceed and oxygen dissociates. Such a catalytic sequenc
is, thus, in agreement with the first order that was determ
with respect to O2.

The detailed rate equation for this sequence is establi
following the method recently recalled [34]:

1. The application of the quasi-stationary state approxi
tion (QSSA) leads to

(6)rRh0 = r2

σ2
= k2[O2][∗] (rds).

2. The equilibrium constant (K1) corresponding to the CO
adsorption step 1 is

(7)K1 = [∗CO]
[CO][∗] .

3. The balance on the density of active sites, symbol
by LRh0, ∗CO being the mari, is

(8)LRh0 = [∗] + [∗CO].

From these equations, it is easy to obtain the follow
rate equation:

(9)rRh0 = k2[LRh0][O2]
1+ K1[CO] .

If [ ∗CO] is large compared to [∗], thenK1 [CO] is much
higher than 1, and Eq. (9) simplifies to

(10)rRh0 = k2[LRh0][O2]
K1[CO] .

From this latter simplified equation, reaction orders w
respect to O2 and CO are, therefore,+1 and−1, respec-
tively, and the experimental orders are verified. Compar
of Eq. (10) with Eq. (5) shows that(k2[LRh0])/K1 is equiva-
lent to the experimental kinetic constant of the global po
rate law (kRh0,global). In this case, it was not possible to d
terminek2 andK1 separately. Let us note that this is no
Langmuir–Hinshelwood equation, and that CO inhibits
reaction.

3.1.3. Simulation of the transient CO oxidation on
Rh0/SiO2 catalyst

The simulation of the CO light-off experiment was pe
formed according to Eq. (10) withkRh0,global= (k2[LRh0])/
K1. The values of the preexponential factor and the a
vation energy are given in Section 3.1.1. Fig. 3 shows
the use of this simplified rate law with experimental glo
kinetic parameters allows for a reliable simulation of
experimental data up to a conversion of CO of 60%.
higher conversions than 60%, strong deviation would
cur between experimental and simulated data. In agreeme
with Fig. 1, this deviation can be attributed to a change fr
a kinetically controlled domain to a diffusional-controll
Fig. 3. Experimental (2) and simulated (—) temperature transient CO–O2
data (3 K min−1, 0.4–0.2% in He,FTOT = 230 mL min−1) using a global
power-rate kinetic equation (rRh0,global = kRh0,global[CO]−1[O2]+1,

kRh0,global= ARh0,globalexp
(−Ea,Rh0,global/RT )

) over zero-valent rhodium

sites (Rh0/SiO2), whererRh0,global, [CO], [O2], kRh0,global, ARh0,global,

and Ea,Rh0,global denote the reaction rate (mol L−1 s−1), the gas-phase

concentrations of CO and O2 (mol L−1), the experimental global ki
netic constant (mol L−1 s−1), the experimental preexponential fact
(mol L−1 s−1), and the apparent activation energy (J mol−1), respectively.
ARh0,global= 2.7×1012 mol L−1 s−1, Ea,Rh0,global= 131×103 J mol−1.

domain. We must note, nonetheless, that even though
perimental steady-state measurements were carried out
conversions lower than 10%, the simplified kinetic rate
[Eq. (10)] allows for a reliable estimation of the temperat
of light-off of CO.

3.2. Kinetics and simulation of the transient CO oxidatio
experiment over oxidized rhodium catalytic centers
(Rhx+/Ce0.68Zr0.32O2)

The kinetics of CO oxidation over pure oxidized rhodiu
species has not been reported on up to now by other gro
Beneficial effects of ceria on CO oxidation have, howev
been reported by Yu Yao over ceria-promoted rhodium
platinum catalysts [20], and by Bunluesin et al. [23] a
Oh and Eickel [24] over ceria-supported rhodium cataly
Transient modeling of catalytic CO oxidation by Pt/Al2O3
and bimetallic Pt–Rh/CeO2–Al2O3 catalysts has also bee
investigated by Marin and co-workers [13,14]. In these st
ies, it is very likely that the tested catalysts always includ
a mixture of zero-valent and oxidized catalytic centers s
that unambiguous discrimination of the kinetics for the
ter catalytic species could not be determined. The kin
modeling of transient CO oxidation reported by Marin a
co-workers [13,14] could not be completed without inclu
ing a “bifunctionnal path,” most likely involving oxidize
noble metal catalytic sites to the usual “monofunction
path” involved for zero-valent noble metal catalytic cente

3.2.1. Global power-rate equation
From our previous work [15], results obtained over o

dized rhodium catalytic sites showed striking differences
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Fig. 4. Experimental (") and simulated (—) temperature tran
sient CO–O2 data (3 K min−1, 0.4–0.2% in He, FTOT =
230 mL min−1) using a global power-rate kinetic equatio
(rRhx+,global = kRhx+,global[CO]+0.4[O2]+0.1, kRhx+,global =
ARhx+,globale

(−Ea,Rhx+,global/RT )
) over cation rhodium sites (Rhx+ /

Ce0.68Zr0.32O2), where rRhx+,global, [CO], [O2], kRhx+,global,

ARhx+,global, andEa,Rhx+,global denote the reaction rate (mol L−1 s−1),

the gas-phase concentrations of CO and O2 (mol L−1), the experimenta
global kinetic constant (mol0.5L−0.5s−1), the experimental preexpo
nential factor (mol0.5L−0.5s−1), and the apparent activation ener
(J mol−1), respectively. ARhx+,global = 5.8 × 1013 mol0.5L−0.5s−1,

Ea,Rhx+,global= 114× 103 J mol−1.

the experimental kinetic parameters compared to thos
zero-valent rhodium sites. Over oxidized rhodium spec
reaction orders of+0.4 and+0.1 were, indeed, estimate
with respect to CO and O2, respectively, as compared
those obtained for zero-valent ones (−1 and+1 reaction or-
ders with respect to CO and O2, respectively). These reactio
orders, nonetheless, fell within the quite confusing rang
values reported for ceria-promoted catalysts [20,23,24
these earlier studies, the reaction orders most probably
be accounted for by the undefined mixtures of both z
valent and oxidized rhodium catalytic species.

The experimental global power rate has been found t
as

(11)rRhx+,global= kRhx+,global[CO]+0.4[O2]+0.1.

From our previous work [15], the global activation ene
(Ea,Rhx+,global) and the preexponential factor (ARhx+,global)

were estimated to be 117 kJ mol−1 and 5.8 × 1013 mol0.5

L−0.5s−1, respectively.

3.2.2. Simulation of the transient CO oxidation on
Rhx+/Ce0.68Zr0.32 catalyst according to a global
power-rate law

The simulation of the CO light-off experiment, by mea
of the global power-law equation, is shown in Fig. 4. A s
isfactory correlation can be observed for conversions lo
than 10% for which the kinetic measurements were pe
formed. Such a global power-rate law equation does
allow for a reliable simulation of experimental CO light-o
data, whereas that determined for the zero-valent rhod
catalytic centers does so (Fig. 3).
Fig. 5. CO oxidation catalytic sequence over oxidized rhodium atoms,�∗�
andσi being a rhodium cation surrounded by two oxygen vacancies
the stoichiometric numbers expressing the number of times each ele
tary reaction has to proceed for the corresponding closed sequence
over once, respectively.σL–H andσE–R are related to the paths comprisin
Langmuir–Hinshelwood and Eley–Rideal elementary steps, respective

Fig. 6. Model of the complex Rhx+ active site, stabilized on th
Ce0.68Zr0.32O2 surface. Lattice oxygen from the ceria and oxygen vaca
are referred to as O2−

L and�, respectively.

3.2.3. Sequences of elementary steps and detailed rate
equation

The two sequences of elementary steps that can be
sidered over the rhodium cation catalytic center are sh
in Fig. 5. The present sequences consider a rhodium ca
stabilized at the surface of the ceria–zirconia support
surrounded by two oxygen vacancies, as a unique com
active site which is shown in Fig. 6 (denoted�∗� in the cat-
alytic sequences shown in Fig. 5). This model of a comp
active site is quite different from those assumed by Ma
and co-workers [13,14] who considered Pt0 and Rh0 as a
first kind of site, and asecondkind of site for the adsorptio
of oxygen on top of the ceria lattice or oxygen vacancie
the surface of the ceria lattice. Let us note that it is diffic
to write auniquecatalytic cycle withtwo different kinds of
catalytic sites, unless one of them transforms to the othe
in the case of catalytic hydrogenation over a Wilkinson co
plex [35]. These catalytic sequences differ from each oth
in the nature of the elementary step involved in the form
tion of CO2. In the first path (σ L–H), CO2 formation occurs
through a Langmuir–Hinshelwood surface reaction, whe
in the second path (σ E–R), its formation occurs through a
Eley–Rideal step.

The former path involves a Langmuir–Hinshelwood s
face reaction between adsorbed species (step 7) and c
sponds to the catalytic cycle previously proposed [15].
active site depicted in this catalytic sequence can be c
pared to the ruthenium carbonyl cation used by Gonch
et al. [38] for the gas-phase oxidation of CO.
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From this sequence (Fig. 5,σ L–H), step 5 correspond
to the dissociative insertion of oxygen on the active s
CO(O∗O) represents two oxygen anions and CO as
ands in the coordinative sphere of the rhodium cation.�∗O
stands for one oxygen vacancy and one oxygen anio
the complex active site, once the first oxygen anion
been consumed by reaction with the first CO molec
CO(�∗O) represents the second CO insertion in the co
dinative sphere of the rhodium cation. In this catalytic
quence, all elementary steps are far equilibrium. To ob
the detailed rate equation, only steps 5 and 6 are kinetic
significant [34]. Taking into account the absence of st
near equilibrium, let usapply the general method:

1. The QSSA tells us that the rate of reaction is such

(12)rRhx+ = r5 = r6.

More particularly, for defining the rate, let us choose

(13)rRhx+ = r5 = k5[O2][�∗�].
2. The balance on the density of sites, assuming now

the mari is O∗O due the well-known high affinity of ceria fo
oxygen [22], is given by

(14)[LRhx+] = [�∗�] + [O∗O].
Eqs. (12) to (14) lead to the following detailed rate e

pression:

(15)rRhx+ = k5k6[CO][O2][LRhx+]
k5[O2] + k6[CO] .

Let us note that this equation does not correspond
Langmuir–Hinshelwood mechanism even if it comprise
Langmuir–Hinshelwood surface reaction.

On the other hand, the second path (Fig. 5,σ E–R) involves
an Eley–Rideal step (step 10). Nevertheless, it must be
phasized that a detailed rate equation similar to Eq. (15)
be obtained by applying the aforementioned methodolog
steps 5 and 10 [Eq. (16)]:

(16)rRhx+ = k5k10[CO][O2][LRhx+]
k5[O2] + k10[CO] .

Considering the linear transforms of Eq. (15) or (16),

(17)
1

rRhx+
= 1

k6[CO][LRhx+] + 1

k5[O2][LRhx+] ,

(18)
1

rRhx+
= 1

k10[CO][LRhx+] + 1

k5[O2][LRhx+] ,

further kinetic measurements were performed with afixed
concentration of CO (0.4%) and various O2 concentrations
ranging from 0.18 to 0.25%. By plotting 1/rRhx+ versus
1/[O2], a straight line was obtained. The values of the sl
and the ordinate axis intercept allowed the calculation of
rate constantsk5 andk6 or k10 of steps 5 and 6 or 10. Th
same methodology, applied at various temperatures betw
398 and 413 K, led to the determination of the correspond
preexponential factors and activation energies (Table 3)
n

Table 3
Experimental preexponential factors (A) and activation energies (Ea) of the
elementary steps 5 and 6 or 10 of the oxidized rhodium catalytic sequ
(Fig. 5)

A (L mol−1 s−1) A (cm3 s−1) Ea (kJ mol−1)

Step 5 1.45× 1018 2.41× 10−3 123
Step 6 or 10 1.24× 107 2.06× 10−14 39

For the sake of comparison with values already reported in the literatuA

is given with two units.

3.2.4. Simulation of the transient oxidation of CO over
Rhx+/Ce0.68Zr0.32O2

The detailed rate-law equation (15) and the correspo
ing elementary kinetic parameters (Table 3) were use
simulate the transient oxidation of CO (Fig. 7). It must
emphasized that the correlation between experimental
simulated data is much better than that issued from
global power-rate-law equation (Fig. 4). Indeed, a satisfy
simulation is observed up to 60% conversion of CO, wher
the simulation could only be achieved up to 15% conv
sion of CO for the global power-law equation (Fig. 4), t
conversion range in which the kinetic measurements w
performed. This correlation was obtained with very sligh
adjusted values (within the experimental uncertainties
the activation energies of the elementary steps used fo
simulated data shown in Fig. 7. Note that a better simula
could never be achieved by applying a comparable ad
ment in the case of the global power-rate equation [Eq. (1
For conversions of CO higher than 60%, the detailed
law would no longer fit the experimental data, most pro

Fig. 7. Experimental (") and simulated (—) temperature transient CO–O2
data (3 K min−1, 0.4–0.2% in He,FTOT = 230 mL min−1) using
a detailed rate kinetic equation (rRhx+ = ((k5k6[CO][O2][LRhx+])/
(k5[O2] + k6[CO]), ki = Ai exp(−Ea,i /(RT )) ) over oxidized rhodium sites
(Rhx+ /Ce0.68Zr0.32O2), whererRhx+ , [CO], [O2], [LRhx+], ki , Ai , and

Ea,i denote the reaction rate (mol L−1 s−1), the gas-phase concentratio

of CO and O2 (mol L−1), the number of oxidized rhodium catalytic sit
(mol L−1), the kinetic constant of the elementary stepi (L mol−1 s−1),
the preexponential factor of the elementary stepi (L mol−1 s−1), and
the activation energy of the elementary stepi (J mol−1), respectively.
[LRhx+] = 3.5 × 10−2 mol L−1, A5 = 1.45 × 1018 L mol−1 s−1,

Ea,5 = 120 × 103 J mol−1, A6 = 1.24 × 107 L mol−1 s−1, and
Ea,6 = 38× 103 J mol−1.
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bly because of diffusion limitations. Finally, it is importa
to note that a reliable estimation of the CO light-off temp
ature is achieved with the simulation using the detailed
law [Eq. (15)].

3.3. Comparison of CO transient kinetics of supported R0

and Rhx+ catalytic centers

This comparative study of zero-valent and oxidiz
rhodium catalytic centers raises an interesting kinetic
ture. As noted above, in the case of zero-valent cata
sites, it is clear that the reaction orders with respect to
and O2 are valid over a broad range of conversion of C
(Fig. 3, 0–60%) even though they were determined i
narrower range of conversion. On the other hand, over
rhodium cation catalytic sites,it was shown that the reactio
orders were valid in a much narrower range of CO con
sion (Fig. 4, 0–10%) compared to that of the zero-va
species. In this case, the use of a detailed rate equation
required.

The very low amount of rhodium of commercial cataly
(less than 0.035 wt% related to the monolith which co
sponds to less than 0.3 wt% of the wash coat) makes
characterization of the metal by traditional techniques s
as transmission electron microscopy, X-ray photoelec
spectroscopy, X-ray diffraction, and extended X-ray abs
tion fine structure most difficult. Kinetics and catalysis of
a promising tool for providing the evidence of zero-val
and cationic rhodium catalytic sites. Indeed, the comp
son of the CO transient oxidation has shown that the kin
behaviors of these two catalytic centers are quite diffe
(Figs. 3 and 7). These different behaviors are in turn c
firmed by the very different detailed rate equations propo
in our work [Eqs. (9) and (15) or (16)], which in both cas
have been shown to provide reliable estimations of the
light-off temperatures.

For both catalytic sites, the turnover rates estimate
428 K from our previous work [15] are recalled in Table 4
must be emphasized that the turnover rate determined
zero-valent rhodium sites is in good agreement with tha
ported by Cant et al. [18] over the same catalyst (Rh/SiO2).
The comparison of the turnover rate found in our previ
work with those reported over alumina-supported Rh c
lysts [19,32] is more difficult. Over alumina-supported
catalysts, the presence of oxidized Rh sites, coexisting
zero-valent ones, cannot be ruled out. Such a possibility ha
been suggested by Yu Yao [20], the evidence of which
been ascertained by Trautmann and Baerns [39] through
adsorption followed by DRIFT.

Table 4
Estimated turnover rates of Rh0 and Rhx+ catalytic sites at 428 K

Catalyst sample Catalytic site Turnover ratea (10−4 s−1)

Rh/SiO2 Rh0 54
Rh/Ce0.68Zr0.32O2 Rhx+ 1320

a Mol of CO2 formed per mole of either Rh0 or Rhx+ .
s

r

Because of the much higher reactivity of Rh-oxidiz
sites (Table 4), the much higher turnover rates repo
over alumina-supported Rh catalysts [19,32], compared
those determined for silica-supported Rh catalysts [15,
might be assigned to the presence of Rh-oxidized cata
sites in the studied catalysts [19,32].

3.4. Limits of the kinetic approach in determining the
nature of the significant elementary steps of the Rhx+
catalytic sequence

In particular cases, Boudart and Djéga-Mariadassou
have already emphasized the potential ambiguity in the
ture of the kinetically significant elementary steps leadin
the detailed rate equation.

Considering the catalytic sequences proposed ove
rhodium cation catalytic site (Fig. 5), the preexponential f
tor was experimentally estimated to be 2.41× 10−3 cm3 s−1

for step 5 (Table 3). This factor is quite different from th
expected from a dissociative adsorption process reporte
Zhdanov et al. [40], Baetzold and Somorjai [41], or Kryl
et al. [42]. For this particular elementary process, these
thors listed values of the preexponential factor include
the 10−10–10−17 cm3 s−1 range. It is worth reporting tha
these values were estimated over zero-valent noble me
whereas that estimated in the present work is relate
Rh cation sites. This difference might be assigned to th
adatom to noble metal surface atom ratio. In the former c
a ratio of 1 is considered, whereas 1 Rh cation accom
dates 2 O adatoms.

In contrast to the preexponential factor estimated
step 5, that estimated for step 6 or 10 (2.06×10−14 cm3 s−1,
Table 3) is in good agreement with those reported by
danov et al. [40] and Krylov et al. [42] either for molecu
adsorption or for Eley–Rideal elementary steps.

In the case of associative adsorption steps, it is intere
to note that the O adatom to noble metal surface atom
is 1 both for zero-valent noble metal and for cation surf
catalytic sites, which was not the case for step 5.

It may appear controversial to be unable to discrimin
between molecular adsorption and Eley–Rideal elementa
steps (Fig. 5). Nevertheless, this last point is much
controversial if one considers the balance of steps 6
7 (Fig. 8). Such a balance is nothing but the Eley–Rid
step 10. It becomes rather obvious thatif k7 is much higher

Fig. 8. Limits of the kinetic approach in determining the nature of the
nificant steps of the Rhx+ catalytic sequences (Fig. 5): comparison of s
6 (Langmuir–Hinshelwood reaction path) and the balance of steps 6 and
(step 10, Eley–Rideal reaction path). O∗O and O∗� being a rhodium cation
surrounded by two oxygen anions and a rhodium cation surrounded b
oxygen anion and a vacancy, respectively.
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thank6, the CO(O∗O) intermediate has avery short lifetime,
and the reaction is equivalent to an Eley–Rideal proc
This interesting kinetic feature, thus, stresses the limit
kinetics as already reported for CO oxidation by Ma
and co-workers who were unable to discriminate betw
a Langmuir–Hinshelwood and an Eley–Rideal step ove
supported zero-valent Pt–Rh catalyst [13].

4. Conclusion

The simulation of transient CO oxidation by molecu
oxygen of a stoichiometric mixture was performed over s
ported rhodium catalysts exhibiting either zero-valent (R0)
or oxidized (Rhx+) catalytic centers. For this purpose, t
detailed kinetic rate equations were established from the
posed catalytic sequences of elementary steps. For the0

catalytic sites, it was shown that the detailed rate equa
which could be approximated to a simplified rate equa
very close to the global power-rate equation, allowed
a good fitting of the temperature transient CO oxidat
up to 60% conversion of CO. On the other hand, over
Rhx+ catalytic sites, the temperature transient CO oxi
tion could only be satisfactorily fitted up to 10% convers
with the global power-rate equation. In this latter case,
ditional kinetic measurements were performed to determ
the preexponential factors and the activation energies o
kinetically significant elementary steps. The simulation
the transient CO oxidation based on the detailed rate e
tion and the associated kinetic parameters of the eleme
steps allowed for a much better fit of the experimental d
The conversion of CO could be simulated up to 60%. O
both catalytic sites, a reliable estimation of the tempera
of light-off of CO could be achieved. The rhodium cati
catalytic center (Rhx+), thus, provides an excellent examp
of the superiority of the detailed kinetic rate equation o
that of the global power rate, the evidence of which co
not be revealed over Rh0 active sites. Finally, in the cas
of Rhx+, the nature of the kinetically significant elementa
steps and the limits of kinetics are discussed on the bas
the estimated preexponential factors.
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