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Comparison between turnover rates of CO oxidation ovér Rh
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The kinetics of CO oxidation over two catalytic sites, either 100% zero-valent or 100% oxidised rhodium atoms, were studied. It was
shown that an oxidised rhodium species exhibits a significant higher turnover rate in CO oxidation (factor 25) than the corresponding zero-
valent one. This noticeable difference, interpreted with respect to mechanistic considerations, led us to conclude that one of the promoting
effects of ceria—zirconia is to stabilise rhodium atoms as oxidised species.
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1. Introduction this intrinsic rate depends both on the nature as well as the
number of catalytic sites.

The kinetics of CO oxidation reaction have been inten- The aim of this work was to study the kinetics of the
sively studied over noble-metal-based catalysts becausecafbon monoxide oxidation by molecular oxygen over the
their well known importance in the field of automotive gagwo possible catalytic sites, either zero-valent or oxidised
exhaust purification. A general agreement has been foumeble metal atoms. For this purpose, the reaction was car-
for the kinetic parameters of this reaction, such as reactiogd out over rhodium-based model catalysts synthesised on
orders and apparent activation energy, over either rhodilih® appropriate supports. Silica support was chosen for
single crystals or silica- and alumina-supported rhodium cdts ability of stabilising zero-valent rhodium species #Rh
alysts [1-4], whereas more controversial values have be#hereas ceria—zirconia support was chosen to stabilise oxi-
reported over ceria-promoted noble metal catalysts [4—6ljsed rhodium species (Rh) [8].

Nevertheless, in these latter studies, a significant enhance-

ment of the CO oxidation reaction rate has been pointed out )

in the presence of ceria. Indeed, ceria is an essential additkeEXPerimental

of three-way catalysts which leads to major modifications - ) ]

of the kinetic parameters as compared to those found over T N€ silica (Degussa, Aerosil 50)-supported rhodium cat-
non-promoted catalysts [4—6]. glyst (0.66_5 wt% Rh) was prepared by incipient Wgtness

Several assumptions have been made to explain the cdfiRregnation of the support by an aqueous solution of
promoting effect on the CO oxidation reaction rate. Both BNCb-3H20 (Johnson Matthey). The ceria—zirconia (Rho-
new mechanism [5,6], involving the occurrence of the oxfid: 25 Wt% ZrQ)-supported rhodium catalyst (0.29 wt%
dation of CO at the interface between Rh and the ceria sUph) Was prepared by anionic exchange from an acidic solu-
port, and a new catalytic site [4] were proposed. In thion Of RNCE-3H20 with the support [8]. After drying in
latter case, the nature of the catalytic site was assumecPib@t r0om temperature, the materials were dried at 393 K
be an oxidised noble metal species [4]. To explain the of?r:?’ h. Fma]ly, th_e catalysts were crushed and sieved to the
served higher turnover rate in the CO-NO reactions aftg?s'red particle size (0.125-0.200 _mm).
preoxidation of a silica-supported rhodium catalyst, Hecker 1€ €xposed zero-valent rhodium atoms of both cat-
and Bell also suggested the presence of oxidised rhodiG}lXSts were titrated through benzene hydrogenation reac-

species [7]. More recently, Djéga-Mariadassbal. [8] and t|orl13[1f1]. ) h | les (0.1-0.2 b
Beraet al. [10] pointed out the presence of noble metal ox- . efore testing, the catalyst samples (0.1-0.2 g) were sub-

idised species over ceria-based supported catalysts. Frof) edto a temperature-programmed pretreatment from 298

. 1 _
kinetic point of view, this finding is of particular importanceto 73 K (3 Kmir). The temperature was then kept con

when measuring the turnover rate of a given reaction sin bant at 773 Kfor 2 h. Silica- and cerla—zirconia-supported

catalysts were submitted to either a pretreatment under pure
* To whom correspondence should be addressed. hydrogen (Air Liquide, 100 STP ctmin—1) or in flowing
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Table 1 100 -
Kinetic parameters associated to the CQ—@te equationr = kg X
eXD(—Ea/RT)PgoPoz over zero-valent and oxidised rhodium species. £ 75
o
Catalyst sample CatalytcT o B Ea TORA .%
site (K) (kdmofr1) (10~4s1 B 50 drerererrererrerernsessesnserersrossassenns
. z
Rh/SI0 RHO 428 —12 1.1 131 58 g
Rh/Ce 75-Zi0250, RWT 403 0.4 01 117 12 9 251
Rh/Ce75-Z10 250, Rh'* 428 1326 @
aMol of CO, formed per mol of either Fhor Rh** (10~4 s71). 0 o ‘ ‘
b Experimental values determined at the mentioned temperatjre ( 293 343 393 443 493
C Extrapolated value at a temperature of 428 K figy$ and Ea determined Temperature (K)

at a temperature of 403 K.
Figure 1. CO-Q (0.4%-0.2% in He) temperature-programmed reaction

a CO-NO-Q stoichiometric mixture in helium [8] (1.5%— (3 Kmin~1) over zero-valent and oxidised rhodium catalytic sites: (#} Rh
) +
0.2%—-0.65%, hour space velocity 100000 h'l), respec- and (b) RA™.
tively. After being pretreated, the catalysts were flushed _ . :
at 773 K for 15 min under helium (230 STP &min—Y) ertheless fall in the quite confusing broad range of values

and the catalyst temperature was decreased to 298 K. Befroer@ortGd over ceria-pramoted catalysts [4—6]. Moreaver, the

carrying out kinetic measurements, two subsequent and ?é;:uvatlon energy of the reaction is a little lower than that ob-

producible CO-@ (0.4%—-0.2% in He, 230 STP dmin-1 served over the zero-valent catalytic site which is fully con-

total flow rate) temperature-programmed reactions wepitent with the stud|e§ performed by YI.J Yao [4] and Bun-
carried out from 298 to 773 K with a heating rate O#uesmet al. [5] over ceria-promoted r_hod|um catalysts. .
3 Kmin~? to ensure the reliability of the activation proce- . The turnover rates were then estimated fqr both catal_yt|c
dure. sites at a temperature of 428 K (table 1). It is worth noting

The kinetic study was carried out in a U-type quartz regfhat the turnover rate of.the CQ oxidation reaction is more
tor (8 mm internal diameter) where reactant gases were fé@n one order of mggmtude higher (factor 25) for the ox-
from independent mass flow controllers. The reactor outfidgSed rhodium species than for the.zero-valent one. S.UCh
was analysed using both a CO infrared detector (Maihdk, ré"d has already been reported in the case of platinum
Finor F) and a gas chromatograph (HP 5890) equipped whRd palladium catalytic sites [10]. However, in this latter
a two packed-column system (Porapak Q and Gas chrsiydy, the authors were not able to_compare.the turnover
MP-1) and a thermal conductivity detector. rates of the t_vvo gatalytlc S|t_es for a given reaction temperg-

The kinetic parameters reported here were obtained ™f€: as we did, since they did not perform a complete kinetic
steady state conditions (from reducing to oxidising mixtureSfUdy- o o
whilst operating the reactor isothermally and as close to dif- [N @ddition, a CO-@ stoichiometric mixture tempera-

ferential reactor as possible by limiting the conversion to lef4'&-Programmed reaction was carried out on both catalysts
than 10%. (figure 1). Although the catalyst sample weights were cho-

sen so that a similar number of either zero-valent or oxi-

dised active sites were present on both samples, the light-off
3. Results and discussion temperature (50% conversion) of CO was about 30 K higher

over RI/SiO, than over RET/Cep 75—Zrg.2502. This result

It was first shown that 97 and 0 mol% of the rhodiunis consistent with the estimated turnover rates and the higher
content was exposed as zero-valent metal atoms om Si@trinsic activity exhibited by the oxidised rhodium catalytic
and CeQ-ZrO;, respectively. According to a previous paspecies (table 1).
per, the latter catalyst was not found to be active in benzeneThis noticeable difference between the turnover rates,
hydrogenation (no Fhspecies) and presented only*Rh which has not been reported up to now, as well as the ob-
species [8]. tained reaction orders can be explained with respect to mech-
Table 1 reports the kinetic parameters as well as tlaaistic considerations. The CO oxidation reaction over both

turnover rates related to both zero-valent and oxidisedzero-valent and an oxidised rhodium active site, as sug-
rhodium catalytic sites. On the one hand, one can see thatgiested in [9], is shown in scheme 1. From this scheme, the
kinetic parameters obtained for the zero-valent active spec@sserved difference in turnover rates for the two catalytic
are in fairly good agreement with those already reported @ites becomes obvious. Indeed, over the former active site,
previous studies [1-4]. Indeed, a negative order with respéictan be seen that at least three zero-valent atoms in close
to CO, a positive one with respect tgo @nd an activation proximity are needed to complete the CO oxidation reaction
energy of 131 kJ moi® were found. On the other hand, the(scheme 1(a)). Moreover, this catalytic cycle stresses the
oxidised rhodium catalytic site displays remarkably differedompetitive adsorption of the two reactants [1,3,4] on the
reaction orders, since the CO order becomes positive andaane catalytic sites. This latter proposal is supported by the
near-zero order with respect tgo @ observed, which nev- negative order obtained with respect to CO which suggests



I. Manuel et al. / CO oxidation turnover rates over RhO and Rh*+ species 195

COy

Coy 02
CO* + O + * 02**1*
co 20% 4 *
O*+2% ﬁ
co
CO* +20%
CO2 COy
(@) (b)

Scheme 1. Catalytic cycles for the COs-@action over zero-valent and oxidised rhodium catalytic sites: (3) Rtepresenting a zero-valent rhodium
atom; (b) RHT, O|2__ and () representing a ceria—zirconia lattice oxygen anion and an oxygen vacancy, respectively.

that CO is the most abundant adsorbed species at the surfac€onclusion
of the catalyst in our reaction conditions.

In contrast, it can be seen that only one oxidised rhodium In summary, it was shown that an oxidised rhodium
atom is needed over the RWCe 75-Zr0 250, catalyst for SPecies exhibits a significant higher turnover rate in CO ox-
CO oxidation (scheme 1(b)). In addition, the proximity peldation (factor 25) than the corresponding zero-valent one.

tween CQyyer and Oage in the rhodium coordinative Sphere,Moreover, it was found that the reaction orders with respect

required to achieve the elementary reaction step Ieadingt 0both reactants were strikingly different over the two cat-

COy, is intrinsic to the oxidised active site (supported hof ytic species. These noticeable differences could be ex-

mogeneous catalysis). Isolated oxidised catalytic s ecfnelgined with respect to mechanistic considerations and led
g ySIS). y _p Us to conclude that one of the promoting effects of ceria—

. . . Efrconia, and thus ceria, is to stabilise the rhodium atoms as
action. The absence of negative order with respect to bgfhi jiseq species.

reactants clearly indicates that there is no more competition

of both reactants for the same catalytic centre. Moreover,
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