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Abstract

The simulation of temperature transient CO oxidation by molecular oxygen was performed over well-defined catalytic centers (zero-valent
(RH?) or oxidized (RHT)). Over both sites, a reliable estimation of CO light-off temperatures could be achieved. For this purpose, detailed
kinetic rate equations were established from the proposed catalytic sequences of elementary step<, GherdBtailed rate equation,
approximated to a simplified rate equation which is very close to thieagjlpower-rate equation, allowed for a good fitting of the transient
CO oxidation up to 60% conversion of CO. Over'Rh the preexponential factors and the activation energies of the kinetically significant
elementary steps were determined. The simulation of transient CO oxidation with the detailed rate equation allowed for a much better fit of
the experimental data (up to 60% conversion) than that of the global power-rate equation (up to T0¥g)rdrfides an excellent example
of the superiority of the detailed kinetic rate equation over that of the global power rate, the evidence of which could not be revealed over
RH. Finally, for RH**, the nature of the kinetically significant elementary steps and the limits of these kinetics are discussed on the basis of
the estimated preexponential factors.
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1. Introduction For a gasoline engine, the selection of the most suitable
three-way catalysts (TWC) can be achieved by determining

CO catalytic oxidation has been studied extensively over € temperature of light-offf{, corresponding to the tem-
noble metal-based matewain the last couple of decades perature at which 50% conversion of a given compound is
[1-7, and references therein]. Although Ertl depicted the compl.eted) of poIIuFants (,CO' NO, unbumed hydrogarb_ons).
mechanism of this reaction as beely rather simple [4], he For this purposea S|mulat|or_1 of the transient CO OX|dat_|on
emphasized that the catalytaidation of CO by molecular ~ ©Ver commercial catalysts tneof the means of selecting
oxygen could reveal much greater complexity at a molecu- and.evaluatmg the mpst suitable mgtena!s [13,14]. This sim-
lar level. The rather complex kinetics of CO oxidation [4—6] ulation process requirgsrate equatiortaking into account

as well as the well-established importance of this chemical € natureanddensityof active sites, as well as ttegnif-
reaction in three-way cataligsfor environmental concern icant rate constants and activation energiafshe catalytic

[8-10] sustain strong interest in this reaction [11-15]. It is, process. Consequently, kinetics of the reaction and transient
indeed, of the utmost importance to improve the effective- extpebrllmﬁtﬂts,bat :hetlaborat?rﬁosca_le, T?St t;ﬁ perfortmed ©
ness of the catalytic converters in CO removal in order to establishithe best rale equatioror simulating the reaction

. L - within the broader range of conversion of CO.
meet more stringent emission standards in the future [16]. Despite extensive vgork performed on the kinetics of cat-

alytic CO oxidation, Ertl [4] stressed thatglobal power-
* Corresponding author. Fax: +33 1 44 27 60 33. rate law was generally unable to describe the full kinetic
E-mail addressdjega@ccr.jussieu.fr (G. Djéga-Mariadassou). process under various operating conditions (for illustration
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of this statement, refer to Fig. 4 of the present work). He of CO. Moreover, two different catalytic cycles, which could
stresses, in particular, that over a palladium catalyst the possibly explain the turnover rate differences found between
global-rate law changes with temperature, the CO adsorp-the two catalytic species, were proposed. These catalytic cy-

tion step being eithenear equilibrium at low temperature
or far equilibrium at high temperature [4]. Thusdatailed
rate equation, based upon aysence of elementary steps,

cles stressed that at least three zero-valent catalytic sites in
close proximity were needed to complete the CO oxidation
process, whereas only one was required in the case of the

must be established to overcome the rather limited interestrhodium cation. These catalytic cycles might also explain
of the global power-law equation in describing the kinetics the observed competitive adsorption of CO andd@er the

of a given reaction. If the global kinetics does not change same catalytic sites, as indicated by thé& reaction order
with temperature or conversion, such a detailed rate equationwith respect to CO found over the zero-valent catalytic cen-
should fit the experimental tias it takes into account the ters, and th@oncompetitivadsorption of the reactants over
evolution of the reaction ordemith respect to the reactants. the oxidized catalytic site. In the latter case, the catalytic

In addition, most studies have considered only zero- cycle is comparable to those described for “homogeneous”
valent noble metal atom, to describe the kinetics of CO cat- catalysis, and the reaction occurs in the coordinative sphere
alytic oxidation [17—20]. Under similar experimental condi- of the rhodium cation.
tions, a general agreement has been reported for the reaction The aim of this work is to bring additional insight on
orders with respect to reactants and the activation energythe kinetics of CO oxidation by molecular oxygen over the
of the reaction over either rhodium single crystals [17] or two different kinds of rhodium catalytic sites, i.e., either
silica- and alumina-supported rhodium catalysts [18—20]. On zero-valent or oxidized catalytic centers. The detailed rate
the other hand, it must be emphasized that ceria always en-equations are, thus, established according to the catalytic
ters the composition of three-way catalyst supports becausesequences proposed consistently with the determined experi-
of its well-known beneficial properties on three-way cat- mental reaction orders withspect to the reactants [15]. Ki-
alytic reactions [21,22]. Comparable studies performed over netically significant rate constants, activation energies, and
catalysts containing ceria have shown, however, marked dis-preexponential factors of the Arrhenius equation are esti-
crepancies concerning the ktieeparameters of the catalytic  mated in the case of the RhWCey ggZro.320, catalyst. The
oxidation of CO [20,23,24]. simulation of the transient oxidation of CO over both cat-

The promotional effect of ceria on the catalytic oxida- alytic sites, based upon previous detailed rate equations, is
tion of CO has been ascribegdther to the occurrence of then presented. Finally, we shall discuss the limitation of
an additional CO oxidation mechanism, involving oxygen kinetics in order to ascertain the nature of the kinetically sig-
species at the interface of rhodium particles [13,14,23,24], or nificant elementary step.
to a catalytic site different from that of the usual zero-valent
species [20], i.e., oxidized cayaic species. Hecker and Bell
[25] have also suggested such oxidized rhodium species to2. Experimental
explain the higher CO-NO turnover rate observed over a
preoxidized silica-supported rhodium catalyst in compari-  The silica (Degussa, Aerosil 50)-supported rhodium cat-
son to that found over a prereduced catalyst. More recently,alyst (0.66 wt% Rh) was prepared by incipient wetness
the presence of noble metal-oxidized species has been reimpregnation of the support by an aqueous solution of
ported by our group [26—28] and by Hedge and co-workers RhCk, 3 H,O (Johnson Matthey). The ceria—zirconia (Rho-
[29,30] over ceria-promoted catalysts. It must be empha- dia, Ce gsZro.3202)-supported rhodium catalyst (0.29 wt%
sized that the presence of such a species was suggested iRh) was prepared by anionic exchange from an acidic solu-
the case of industrial catalysts [28] which is consistent with tion of RhCk, 3 HoO with the support [26]. After drying in
results reported by Marin and co-workers [13,14]. These au- air at room temperature, the materials were dried at 393 K
thors were unable to achieve the modeling of transient CO for 3 h. Finally, the catalysts were crushed and sieved to the
oxidation kinetics without including the aforementioned ad- desired particle size (0.125-0.200 mm). A thorough descrip-
ditional mechanism [23,24]. tion of the catalytic materials is shown in Table 1.

Finally, our group has reported very recentlkinetic ev- The exposed zero-valent rhodium atoms of both catalysts
idenceof the presence of R surfacecationsover a ceria- were titrated through a benzene hydrogenation reaction [28],
promoted catalyst [15]. The CO oxidation kinetic study per- and the results from our previous work [15] are reported
formed over well-defined catgic sites, i.e., either zero- in Table 1. This model reaction led to the conclusion that
valent or oxidized rhodium species, allowed us to demon- the Rh/SiQ material presented only zero-valent rhodium
strate that the turnover rate of the oxidation of CO by molec- catalytic sites (about 97% of metal exposed), whereas the
ular oxygen of the zero-valent rhodium catalytic site was 25 Rh/Ce) ggZrg.3202 catalyst contained only rhodium cations
times lower than that of the oxidized one at a temperature [15], in agreement with previous work [26]. In this latter
of 428 K. This study has, thus, allowed us to reconcile the work, it was shown that the amount of desorbed NO, for NO
two main assumptions reported in the literature in explain- adsorption—desorption measurements over Rh/CgZafa-
ing the promotional effect of ceria on the catalytic oxidation lysts with various Rh contents, was twice that of the total Rh
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Table 1 1 )
Properties of the investigated catalysts = 80
. i

Catalysts 3:_, i

RHO/SiO, Rh**/Cey 66Z70.3202 S 604
Weight sample (g) 0.101 0.200 £ |
Rh content (wt%) 0.29 0.66 = 40
dp (mm) 0.125-0.200 0.125-0.200 s i
pp(gL™d) 540 1240 o
PME as RR (%) 97 0 O 204 /
PME as RET (%) 0 100 ] S
L (mol gez) 2825x 1076 6238x 1076 ()i ey, . .
dp is the pellet diametepy is the pellet density, PME as Ris the rhodium 300 400 500 600
percentage of metal exposed adRletermined by benzene hydrogenation Temperature (K)
reaction [28], PME as Rh" (%) is the rhodium percentage of metal ex-
posed as Rh' in agreement with previoysublished results [26]L. is the Fig. 1. CO-Q temperature-programmed reactions (3 K min0.4-0.2%
specific concentration of surface Rh sites. in He) over cation rhodium catalytic sites (RWCepggZro 3207):

(—) 0.4 g of catalyst and’roT = 400 mL min1, (—) 0.2 g of catalyst and
FroT =200 mL mirr 1, (—) 0.1 g of catalyst andrgt = 100 mL mirr L.,
content, suggesting the formation of Rh dinitrosyl species

and that 100% Rh was exposed as Rh cations [26]. These experiments show that external limitations only oc-
Before runs, the catalyst samples were submitted to acyrred at CO conversions higher than 60%. Internal diffusion
temperature-programmed pretreatment from 298 to 773 K was also investigated over RWCey gZr0.3202 by varying
(3 Kmin™1). The temperature was then kept constant at the grain size (0.125-0.200 or 0.200-0.315 mm) for a given
773 Kfor 2 h. Silica—and ceria-zirconia-supported catalysts contact time. As in the case of external diffusion, a deviation
were submitted to a pretreatment under either pure hydro-could be observed at CO conversions higher than 60% (not
gen (Air Liquide, 100 cijrpmin~1) or a CO-NO-Q stoi- shown). Finally, it can be concluded that both external and
chiometric mixture in helium (1.50-0.20-0.65%, hour space internal diffusions occurred for the CO<@eaction for CO
velocity = 100,000 i) [26], respectively. After being pre-  conversions higher than 60%.
treated, the catalysts were flushed at 773 K for 15 min un-  The global kinetic parameters reported here were ob-
der helium (230 cR;p min~?), and the catalyst temperature  tained under steady-state conditions (Table 2), while operat-
was decreased to 298 K. Before carrying out kinetic mea- ing the reactor isothermally dras closely to differential re-
surements, two subsequent and reproducible GO®Gl—  actor as possible by limiting the conversion to less than 10%.
0.2% in He, 230 cijypmin~* total flow rate) temperature- CO oxidation transient experiments were simulated with
programmed reactions were carried out from 298 to 773 K the help of the Microsoft Excel 97 software using a standard
with a heating rate of 3 Kmin® to ensure the reliability of ~ PC computer. For the global-rate equation determined over
the activation procedure. RhO/SiO, [15], the simulation was performed according to
The kinetic study was conducted in a U-type quartz dy- the following method: The reaction rate was first estimated
namic differential microreaot (8 mm internal diameter).  at a given temperaturg’j by means of the corresponding
Given the high HSV, the reactor section and the fairly low rate equation,
volume of catalyst, a well-mixed gas mixture in contact with 1 +1
the catalyst was created. The composition of the reacting” Rh°,g|oba|=thO,global[CO]i [O2];, 1)
gas mixture may, thus, be considered as identical to thatwith kg global = A EXN—Ea/(RT)), kgpp giopar [COli,
analyzed at the outlet of theeactor which behaves as a [0,];, A, and E, being the experimental kinetic constant
continuous stirred tank react@CSTR) [31]. The synthetic  (molL~1s™1), the initial CO and @ gas-phase concentra-
gas mixture was fed from independent mass-flow controllers tions (molL™1), the preexponential factor (mottts=1),
(Brooks 5850). The reactor outflow was analyzed using both and the activation energy (J mad), respectively.
a CO infrared detector (Maihak, Finor F) and a gas chro-  The reactor mole balance of a CSTR was then considered,
matograph (HP 5890) equipped with a two-packed-column
system (Porapak Q and Gas chrom MP-1) and a thermal con-fToT[COlT = Frot[COli — rgip giobalV» )

duc;wgyodetggt?fr “nis stronl thermic. external and i with Fror, [CO]r, andV being the total flow rate (L's!),
¢ SI qiff oxi al'lontlst.s rongly €xo 'f'erdmlc,dex terna .ant N the CO gas-phase conceation at a temperatur€ (mol
ermai difiusion fimitations were veritied under transient ex- L—1), and the reactor volume (L), respectively. In the case

perimenta! coqditions. K.oro's—NO\'Nakcriteriawe're used [35]. of a CSTR, the reactor volume corresponds to the catalyst
External diffusion was first investigated by varying the total volume. By dividing Eq. (2) byFror, the CO gas-phase con-

-1 . . ..
flow rate (Fror, Ls™), while maintaining a constantcontact - .o ration can be calculated at a given temperature O]
time (r = V/Fror (S), V being the catalyst volume (L)), by

adjusting the Rh™/Cey gZr0.3202 catalyst loading (Fig. 1). [COlr =[CQl; — TR, globaf - 3)



272 I. Manuel et al. / Journal of Catalysis 224 (2004) 269-277

Table 2
Reaction conditions used for the CO>-6tudies
Experiment [CO] [O2] Total flow rate T
(%) (%) (m(LnTp) min—1) (K)
RKO/SiO, CO reaction order 0.22-0.70 0.20 170-400 428 [15]
Oy reaction order 0.40 0.13-0.60 170-400 428 [15]
Activation energy 0.40 0.20 230 428-440 [15]
CO-O, light-off 0.40 0.20 230 298-773 This study
Rh**/Cep gaZro 3202 CO reaction order 0.22-0.70 0.20 170-400 403 [15]
O, reaction order 0.40 0.16-0.60 170-400 403 [15]
Activation energy 0.40 0.20 230 403-423 [15]
CO-O, light-off 0.40 0.20 230 298-773 This study
Elementary stefs 0.40 0.18-0.25 170-400 398-413 This study

@ These reaction conditions refer to the determinatioksadindkg or k1o and the corresponding preexponential fagtamd activation energies, reported in
Table 3, of elementary steps from Fig. 5.

Finally, CO conversion at a given temperature (6%.7) Stepno.  Elementary Step %i

lculated ’ [1] CO+* <g= CO* 2 K

was calculated as 2] 0, 4% o O " K,
[COJ; — [COlIT [3] Oy +* — 20%* 1
COconv. 7 (%) = W x 100 (4) [4] CO* +0% —» CO,+2% 2

1
2CO +0, = 2CO0O, overall reaction
3. Resultsand discussion Fig. 2. CO oxidation catalytic sequemover zero-valent rhodium atonts,

ando; being a zero-valent rhodium atom and the stoichiometric numbers
3.1. Kinetics and simulation of the transient CO oxidation expressing the number of times each elementary reaction has to proceed for
experiment over zero-valent rhodium catalytic centers the corresponding closed sequence to turn over once, respectively.
(RHP/SIOp)
Symbols and definitions were recalled in a recent pa-
As already noted in the Introduction, kinetics of CO ox- per [34]. Symbols for elementary steps in a sequence are:
idation over zero-valent sites has been addressed by manyone-way” or irreversible{), “two-way” or reversible, but
authors [1,5,6,13,14,32—34]. It appeared relevant to briefly far equilibrium @), or near equilibrium#e* ). The sym-
recall how the rate equation may be established, in order tobol (»») stands for the rate-determining step (rds)is the
provide the basis for a comparison with that of the rhodium stoichiometric number that expresses the number of times
cation site (Section 3.2), and to indicate the high degree of each elementary reaction has to proceed for the correspond-
reliability of the simulation of CO oxidation using this rate ing closed sequence to turn over onc¥, stands for free

equation. RH° active site and adsorbed species M are symbolized by
*M. K; andk; are equilibrium and rate constants, respec-

3.1.1. Overall reaction and global power-rate equation tively. . o
The overall reaction, 2C@ O, = 2COy, will be consid- At low temperatures and conversions, taking into ac-

ered. For a conversion lower than 10%, the global power-rate count the negative reaction order with respect to ©CO
equation [5] has already been published by many different is assumed to be the most abuntieeactive intermediate

groups [4,6,13,15,17-20,32,33]: (mari [34]). The high CO surfa}ce coverage is in agree-
ment with Ertl's data over palladium [4] and it also justifies
rRhO,globalzerP,globaI[Co]_l[OZ]+l' (5) the molecular adsorption of oxygen in step 2. Let us pay

particular attention to this point. In the literature [13,32],

From our previous work [15], the global activation energy justification for molecular adsorption of oxygen is some-

(Eqri.globa) @nd the preexponential factor g giopap what confusing. This elementary step could, thus, not be
were estimated to 131 kJmdiand 27 x 1012 mol L~1s72, included “explicitly” in the catalytic sequence, as reported
respectively. by Oh et al. [32]. These authors [13,32] justified it on the
basis of previous oxygen adsorption work performed over
3.1.2. Sequence of elementary steps and detailed rate “clean” metallic surfaces [36,37]. Under such experimental
equation conditions, it is not surprising that oxygen dissociates, the

To summarize, the well-established [6,13,18,34,35] cat- probability of finding a pair of adjacent active sites being
alytic sequence of elementary steps for CO oxidation over rather high on a “clean” metallic surface. Under our react-
zero-valent noble metal species, in agreement with our al-ing experimental conditions,CO being the mari, pairs of
ready published catalytic cycle [15], is shown in Fig. 2. free adjacent sites are not abundant, and statistically, oxygen
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[o—y
=
]
-

only finds isolated free site's Once*CO has scavenged an | .
*O species adjacent to ar*O species (step 4), step 3 can 3 80 - oy
proceed and oxygen dissociat&ich a catalytic sequence < ] B
is, thus, in agreement with the first order that was determined_g 60 -
with respect to Q. g J
The detailed rate equation for this sequence is establishedz 4¢ -
following the method recently recalled [34]: 54 1
S 20 -
1. The application of the quasi-stationary state approxima- 1
tion (QSSA) leads to 0 e ———
ro . 300 350 400 450 500 550 600
R = = k2[O2][*]  (rds). (6) Temperature (K)

2. The equilibrium constant(;) corresponding to the CO  Fig. 3. Experimentals) and simulated--) temperature transient CO20
adsorption step 1 is data (3 Kminm1, 0.4-0.2% in He FroT = 230 mL min~1) using a global

power-rate kinetic equation rg,o global = karp global[COJ*1[021+1,

* —
1= [COl (7) KR, global = AR globa|exp( EaRhng'Oba'/RT)) over zero-valent rhodium
COl[*]’ itas i \

[COI[*] ' o | sites (RRISIOy), wherergyo oo [COL [02], ke giopar AR globar
3. The balance on the density of active sites, symbolized and E,, rif global dENOte the reaction rate (motits~1), the gas-phase
by Lgip, *CO being the mari, is concentrations of CO and jO(molL~1), the experimental global ki-

netic constant (moltls™1), the experimental preexponential factor
Lpo =["1+[*COl. (8) (molL=1s71), and the apparent activation energy (Ji9| respectively.

— 2 -1-1 _ 1
. N . . ARho’global_2.7><101 molL~ts™4 E, oo giopar= 131x 103 Imol1.
From these equations, it is easy to obtain the following

rate equation: domain. We must note, nonetheless, that even though ex-

ko[ Lgyol[O2] perimental steady-state measurements were carried out with
TR0 = 1+ K4[COl (9) conversions lower than 10%, the simplified kinetic rate law

. ) [Eqg. (10)] allows for a reliable estimation of the temperature
If [*CQJ is large compared td'], then K1 [CO] is much of light-off of CO.

higher than 1, and Eg. (9) simplifies to

kol L e 3.2. Kinetics and simulation of the transient CO oxidation
2[Lrp][O2] ) . . .
TR0 = T CO] (10) experiment over oxidized rhodium catalytic centers
. N . . _ (Rh**/Cep 68Zr0.3202)

From this latter simplified equation, reaction orders with
respect to @ and CO are, therefore;1 and—1, respec- The kinetics of CO oxidation over pure oxidized rhodium
tively, and thg experimental orders are verlfled.. Com'parlson species has not been reported on up to now by other groups.
of Eq. (10) with Eq. (5) shows thaka[Lgip])/K1isequiva-  Beneficial effects of ceria on CO oxidation have, however,

lent to the experimental kinetic constant of the global power pgen reported by Yu Yao over ceria-promoted rhodium and
rate law g gioba- IN this case, it was not possible to de-  pjatinum catalysts [20], and by Bunluesin et al. [23] and
terminekz and K, separately. Let us note that this is not a oh and Eickel [24] over ceria-supported rhodium catalysts.
Langmuir-Hinshelwood equation, and that CO inhibits the Transient modeling of catalytic CO oxidation by P#@®k

reaction. and bimetallic Pt—Rh/Cef2-Al,05 catalysts has also been
investigated by Marin and co-workers [13,14]. In these stud-
3.1.3. Simulation of the transient CO oxidation on ies, it is very likely that the tested catalysts always included
RIP/SIO; catalyst a mixture of zero-valent and oxidized catalytic centers such
The simulation of the CO light-off experiment was per-  that unambiguous discrimination of the kinetics for the lat-
formed according to Eq. (10) witkizyp giopa= (k2[Lgro])/ ter catalytic species could not be determined. The kinetic

K. The values of the preexponential factor and the acti- modeling of transient CO oxidation reported by Marin and
vation energy are given in Section 3.1.1. Fig. 3 shows that co-workers [13,14] could not be completed without includ-
the use of this simplified rate law with experimental global ing a “bifunctionnal path,” most likely involving oxidized
kinetic parameters allows for a reliable simulation of the noble metal catalytic sites to the usual “monofunctionnal
experimental data up to a conversion of CO of 60%. At path” involved for zero-valent noble metal catalytic centers.
higher conversions than 60%, strong deviation would oc-

cur between experimental aninallated data. In agreement  3.2.1. Global power-rate equation

with Fig. 1, this deviation can be attributed to a change from  From our previous work [15], results obtained over oxi-
a kinetically controlled domain to a diffusional-controlled dized rhodium catalytic sites showed striking differences for
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Fig. 4. Experimental € and simulated ) temperature tran-

sient CO-Q data (3 Kminl, 04-02% in He, Fror =

230 mLminfl) using a global power-rate kinetic equation
0.4 0.1

("Rhet giobal = KRhv+ global COIT 102174, kppet giobal

ARhw’g,c,ba,e(iEaRh”vQ'Oba'/RT)) over cation rhodium sites (RH/
Cep.68Z10.3202), where rgpe+ giopar  [COl [O2l,  kgppe+ giobar
ARnhe+ globar @Nd Eg pie+ global denote the reaction rate (mottt s~1y,
the gas-phase concentrations of CO angd(@olL1), the experimental
global kinetic constant (mBPL~95s71) the experimental preexpo-
nential factor (md-5L=95s-1), and the apparent activation energy
(Imol1y, respectively. Agpe+ giopal = 58 X 1013 mol0-5L 0551

1
E Rhe+ global = 114 103 JmorL.
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Reaction path
Step no. Elementary Step Oy Opr
[5] O,+0*0 — 0O*0 1 1 ks
[6] CO +0*0 —» CO(0*0) 1 0 ke
[7] CO(0*0) — CO,+O*0 1 0
[8] CO +0O*0— CO(O*0) 1 0
[9] co@m*0) — Co,+O*a 1 0
[10] CO+0*0 — CO,+O0*0 0 1 ko
[11] CcCoO+0*0 — CO,+O*O0 0 1
2CO +0, = 2CO, overall reaction

Fig. 5. CO oxidation catalytic seqoee over oxidized rhodium atonis;*0J

ando; being a rhodium cation surrounded by two oxygen vacancies and
the stoichiometric numbers expressing the number of times each elemen-
tary reaction has to proceed for the corresponding closed sequence to turn
over once, respectively:; 4 ando g_R are related to the paths comprising
Langmuir-Hinshelwood and Eley—Rideal elementary steps, respectively.

th+

Fig. 6. Model of the complex RW active site, stabilized on the
Cep ggZro.3202 surface. Lattice oxygen from the ceria and oxygen vacancy

the experimental Kinetic parameters compared to those of2e referred to as and0, respectively.

zero-valent rhodium sites. Over oxidized rhodium species,

reaction orders of-0.4 and+0.1 were, indeed, estimated 3.2.3. Sequences of elementary steps and detailed rate
with respect to CO and £) respectively, as compared to equation

those obtained for zero-valent onesl(and+1 reaction or- The two sequences of elementary steps that can be con-
ders with respect to CO ancdb(respectively). These reaction sidered over the rhodium cation catalytic center are shown
orders, nonetheless, fell within the quite confusing range of in Fig. 5. The present sequences consider a rhodium cation,
values reported for ceria-promoted catalysts [20,23,24]. In stabilized at the surface of the ceria—zirconia support and
these earlier studies, the reaction orders most probably maysurrounded by two oxygen vacancies, as a unique complex

be accounted for by the undefined mixtures of both zero- active site which is shown in Fig. 6 (denoted(] in the cat-

valent and oxidized rhodium catalytic species.

alytic sequences shown in Fig. 5). This model of a complex

The experimental global power rate has been found to be active site is quite different from those assumed by Marin

as

FRhe+ global = kRrn*+ global COIT 41021 7O, (11)

From our previous work [15], the global activation energy
(Earn+ globa) @nd the preexponential factoA gpe+ giopal)
were estimated to be 117 kJméland 58 x 103 mol®°
L9551 respectively.

3.2.2. Simulation of the transient CO oxidation on
Rh**/Cep 6Zr0.32 catalyst according to a global
power-rate law

and co-workers [13,14] who considered Rind R as a
first kind of site, and aecondkind of site for the adsorption

of oxygen on top of the ceria lattice or oxygen vacancies at
the surface of the ceria lattice. Let us note that it is difficult
to write auniquecatalytic cycle withtwo different kinds of
catalytic sites, unless one of them transforms to the other, as
in the case of catalytic hydrogenation over a Wilkinson com-
plex [35]. These catalytic sgiences differ from each other

in the nature of the elementary step involved in the forma-
tion of CQp. In the first path ¢ —n), CO, formation occurs
through a Langmuir—Hinshelwood surface reaction, whereas

The simulation of the CO light-off experiment, by means in the second pathoe_R), its formation occurs through an
of the global power-law equation, is shown in Fig. 4. A sat- Eley—Rideal step.
isfactory correlation can be observed for conversions lower  The former path involves a Langmuir—-Hinshelwood sur-
than 10% for which the kirtee measurements were per- face reaction between adsorbed species (step 7) and corre-
formed. Such a global power-rate law equation does not sponds to the catalytic cycle previously proposed [15]. The
allow for a reliable simulation of experimental CO light-off active site depicted in this catalytic sequence can be com-
data, whereas that determined for the zero-valent rhodiumpared to the ruthenium carbonyl cation used by Goncharov
catalytic centers does so (Fig. 3). et al. [38] for the gas-phase oxidation of CO.
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From this sequence (Fig. b,.-n), step 5 corresponds  Table 3
to the dissociative insertion of oxygen on the active site. Experimental preexponential factors)(and activation energiegzg) of the
CO(O*O) represents two oxygen anions and CO as “g_ elementary steps 5 and 6 or 10 of the oxidized rhodium catalytic sequence

ands in the coordinative sphere of the rhodium catiotO (Fig- 5)

stands for one oxygen vacancy and one oxygen anion in A(Lmo~ts™h  A(m’s™) Ea (kImolt)
the complex active site, once the first oxygen anion has Step 5 145 x 1018 241x1073 123

been consumed by reaction with the first CO molecule. Step60or10  24x 10’ 206x10° 39

CO([T*0) represents the second CO insertion in the coor- For the sake of comparison with values already reported in the literature,

dinative sphere of the rhodium cation. In this catalytic se- s given with two units.

guence, all elementary steps are far equilibrium. To obtain

the detailed rate equation, only steps 5 and 6 are kinetically3.2.4. Simulation of the transient oxidation of CO over

significant [34]. Taking into account the absence of steps Rh*/Ce ggZr0.3202

near equilibrium, let uapply the general method: The detailed rate-law equation (15) and the correspond-
1. The QSSA tells us that the rate of reaction is such that ing elementary kinetic parameters (Table 3) were used to

simulate the transient oxidation of CO (Fig. 7). It must be

TR =15 =76 (12) emphasized that the correlation between experimental and
More particularly, for defining the rate, let us choose simulated data is much better than that issued from the
global power-rate-law equation (Fig. 4). Indeed, a satisfying

rrpe+ = 15 = ks[O2][0*01]. (13) simulation is observed up to 60% conversion of CO, whereas

2. The balance on the density of sites, assuming now thatth€ simulation could only be achieved up to 15% conver-
the mari is GO due the well-known high affinity of ceriafor ~ Sion of CO for the global power-law equation (Fig. 4), the
oxygen [22], is given by conversion range in which the kinetic measurements were

performed. This correlation was obtained with very slightly
[Lgne+]=[*0] 4 [O*O]. (14) adjusted values (within the experimental uncertainties) of
the activation energies of the elementary steps used for the
- simulated data shown in Fig. 7. Note that a better simulation
pression: . . .
could never be achieved by applying a comparable adjust-
kske[ COI[O2][Lgpy+] ment in the case of the global power-rate equation [Eq. (10)].
RN = T 0] + ke[CO] (15) For conversions of CO higher than 60%, the detailed rate
law would no longer fit the experimental data, most proba-

Egs. (12) to (14) lead to the following detailed rate ex-

Let us note that this equation does not correspond to a
Langmuir—Hinshelwood mechanism even if it comprises a
oo i 100 - .
Langmuir—Hinshelwood surface reaction. | .
On the other hand, the second path (Figr &,R) involves |
an Eley—Rideal step (step 10). Nevertheless, it must be em-— |
phasized that a detailed rate equation similar to Eq. (15) cang 6o -

n (%)
-]
=

be obtained by applying the aforementioned methodology to % -
steps 5 and 10 [Eq. (16)]: E 40 -
<9 =
raps = k5k10[CO][02][Lth+]' (16) 8 20 -
ks[Oz2] + k10[CO] -
Considering the linear transforms of Eq. (15) or (16), 0 =T I L
1 1 1 300 350 400 450 500 550 600
= + ; 17) Temperature (K)
rth+ kG[CO][LRh¥+] k5[Oz][Lth+]
1 1 1 Fig. 7. Experimental«) and simulated+) temperature transient CO-0
= , (18) data (3 Kminl, 0.4-0.2% in He, Fror = 230 mLmin 1) using
rrpe+ k1olCOIlLgpy+]  ks[O2][Lgpe+] a detailed rate kinetic equationgfx+ = ((kskg[COI[O2][Lgp+1)/

further kinetic measurements were performed witfixad ~ (ks[O2] +k[COD), k; = A; exp~£ai/(RT)) ) over oxidized rhodium sites
concentration of CO (0.4%) and various @oncentrations ~ (Rh""/Cen.68210.3202), wherergpyes , [ClO], [O2]. [Lgpe+]. ki A;, and
ranging from 0.18 to 0.25%. By p|0tting/i:th+ versus Eq; denote the reacfl(l)n rate (moriLs~1), t‘h-e gas-phgse concentratlf)ns
1/[02], a straight line was obtained. The values of the slope o €0 81d @ (molL "), the number of oxidized rhodium catalytic sites

. . . (molL™%), the kinetic constant of the elementary stefL mol™*s™*),
and the ordinate axis intercept allowed the calculation of the y,o preexponential factor of the elementary stef mol~1s-1), and
rate constantss andke or k1o of steps 5 and 6 or 10. The  the activation energy of the elementary stegd morL), respectively.
same methodology, applied at various temperatures betweefiLgy+] = 35 x 1072 molL~1, A5 = 1.45 x 10'® Lmol~1s71,
398 and 413 K, led to the determination of the corresponding Eas = 120 x 10* Jmoi!, Ag = 124 x 10’ Lmol~'s™!, and
preexponential factors and activation energies (Table 3).  Eas=38x10° Jmol ™.
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bly because of diffusion limitations. Finally, it is important Because of the much higher reactivity of Rh-oxidized
to note that a reliable estimation of the CO light-off temper- sites (Table 4), the much higher turnover rates reported
ature is achieved with the simulation using the detailed rate over alumina-supported Rh catalysts [19,32], compared with
law [Eq. (15)]. those determined for silica-supported Rh catalysts [15,18],
might be assigned to the presence of Rh-oxidized catalytic
3.3. Comparison of CO transient kinetics of supporte Rh  sites in the studied catalysts [19,32].
and RHT catalytic centers
3.4. Limits of the kinetic approach in determining the

This comparative study of zero-valent and oxidized nature of the significant elementary steps of th&Rh
rhodium catalytic centers raises an interesting kinetic fea- catalytic sequence
ture. As noted above, in the case of zero-valent catalytic
sites, it is clear that the reaction orders with respect to CO  |n particular cases, Boudart and Djéga-Mariadassou [35]
and G are valid over a broad range of conversion of CO have already emphasized the potential ambiguity in the na-
(Fig. 3, 0-60%) even though they were determined in a ture of the kinetically significant elementary steps leading to
narrower range of conversion. On the other hand, over thethe detailed rate equation.
rhodium cation catalytic siteft,was shown that the reaction Considering the catalytic sequences proposed over the
orders were valid in a much narrower range of CO conver- rhodium cation catalytic site (Fig. 5), the preexponential fac-
sion (Fig. 4, 0-10%) compared to that of the zero-valent tor was experimentally estimated to bd2x 103 cm?s 1
species. In this case, the use of a detailed rate equation wasor step 5 (Table 3). This factor is quite different from that
required. expected from a dissociative adsorption process reported by

The very low amount of rhodium of commercial catalysts Zhdanov et al. [40], Baetzold and Somorjai [41], or Krylov
(less than 0.035 wt% related to the monolith which corre- et al. [42]. For this particular elementary process, these au-
sponds to less than 0.3 wt% of the wash coat) makes thethors listed values of the preexponential factor included in
characterization of the metal by traditional techniques such the 101°-10-1” cm3®s~1 range. It is worth reporting that
as transmission electron microscopy, X-ray photoelectron these values were estimated over zero-valent noble metals,
spectroscopy, X-ray diffraction, and extended X-ray absorp- whereas that estimated in the present work is related to
tion fine structure most difficult. Kinetics and catalysis offer Rh cation sites. This difference might be assigned to the O
a promising tool for providing the evidence of zero-valent adatom to noble metal surface atom ratio. In the former case,
and cationic rhodium catalytic sites. Indeed, the compari- a ratio of 1 is considered, whereas 1 Rh cation accommo-
son of the CO transient oxidation has shown that the kinetic dates 2 O adatoms.
behaviors of these two catalytic centers are quite different In contrast to the preexponentia| factor estimated for
(Figs. 3 and 7). These different behaviors are in turn con- step 5, that estimated for step 6 or 10@x 10~ 4cm3s™2,
firmed by the very different detailed rate equations proposed Taple 3) is in good agreement with those reported by Zh-
in our work [Egs. (9) and (15) or (16)], which in both cases danov et al. [40] and Krylov et al. [42] either for molecular
have been shown to provide reliable estimations of the CO adsorption or for Eley—Rideal elementary steps.
light-off temperatures. In the case of associative adsorption steps, it is interesting

For both catalytic sites, the turnover rates estimated atto note that the O adatom to noble metal surface atom ratio
428 K from our previous work [15] are recalled in Table 4. It js 1 both for zero-valent noble metal and for cation surface
must be emphasized that the turnover rate determined OVelcatalytic sites, which was not the case for step 5.
zero-valent rhodium sites is in good agreement with thatre- |t may appear controversial to be unable to discriminate
ported by Cant et al. [18] over the same catalyst (RngBiO  petween molecular adsorpti@nd Eley—Rideal elementary
The comparison of the turnover rate found in our previous steps (Fig. 5). Nevertheless, this last point is much less
work with those reported over alumina-supported Rh cata- controversial if one considers the balance of steps 6 and
lysts [19,32] is more difficult. Over alumina-supported Rh 7 (Fig. 8). Such a balance is nothing but the Eley—Rideal

catalysts, the presence of oxidized Rh sites, coexisting with step 10. It becomes rather obvious tHat; is much higher
zero-valent ones, cannot be rdleut. Such a possibility has

been suggested by Yu Yao [20], the evidence of which has Step no. Elementary Step o1

been ascertained by Trautmann and Baerns [39] through CO [6] CO+0*0 — CO(0*0) 1 kg
adsorption followed by DRIFT. (7] CO(0*0) — CO,+0O*0 1 ky
Table 4 [10] CO +0*0 — CO, + O*0 ki

; 4 o
Estimated tumover rates of Rland R catalytic sites at 428 K Fig. 8. Limits of the kinetic approach in determining the nature of the sig-

Catalyst sample Catalytic site Turnover Ae0—4 s~1) nificant steps of the Rh catalytic sequences (Fig. 5): comparison of step
Rh/SIO, RHO 54 6 (Langmuir-Hinshelwood reaction patand the balance of steps 6 and 7
Rh/Ce 56210 3007 RH+ 1320 (step 10, Eley—Rideal reaction path)*@and G being a rhodium cation

surrounded by two oxygen anions and a rhodium cation surrounded by one
a Mol of CO, formed per mole of either Fhor Rh*+. oxygen anion and a vacancy, respectively.
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thankg, the CO(OO) intermediate haswery short lifetime

and the reaction is equivalent to an Eley—Rideal process.

This interesting kinetic feature, thus, stresses the limits of
kinetics as already reported for CO oxidation by Marin
and co-workers who were unable to discriminate between
a Langmuir-Hinshelwood and an Eley—Rideal step over a
supported zero-valent Pt—Rh catalyst [13].

4. Conclusion

The simulation of transient CO oxidation by molecular
oxygen of a stoichiometric mixture was performed over sup-
ported rhodium catalysts exhibiting either zero-valent)Rh
or oxidized (RH™) catalytic centers. For this purpose, the

detailed kinetic rate equations were established from the pro-
posed catalytic sequences of elementary steps. For the Rh
catalytic sites, it was shown that the detailed rate equation,

which could be approximated to a simplified rate equation
very close to the global power-rate equation, allowed for
a good fitting of the temperature transient CO oxidation
up to 60% conversion of CO. On the other hand, over the
Rh** catalytic sites, the temperature transient CO oxida-
tion could only be satisfactorily fitted up to 10% conversion
with the global power-rate equation. In this latter case, ad-

ditional kinetic measurements were performed to determine
the preexponential factors and the activation energies of the

kinetically significant elementary steps. The simulation of
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