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Abstract

The transient kinetics of CO oxidation by>@ver alumina-supported Pd/CeldrO, three-way catalysts is described in the absence and
presence of HO and CQ in the feed. Experiments were carried out in a laboratory fixed-bed reactor at 573 K, while periodically switching
between a feed of 1 vol% CO in He and a feed of 0.5 vol%i©He with a frequency of 430 Hz. Separate experiments were performed
with 14 vol% water in both feeds, and, as is the case with real engine exhaust gas, with 14 vol% water and 14 yoi%dfitfeeds. The
presence of water largely enhanced the reaction rate, while it was inhibited pyAQ€ansient kinetic model has been developed for this
catalyst, based on the experimental data. It was found that the reaction in the absenC@afdHCQ proceeds via the same elementary
steps as reported for a Pt/Rh/Cg@-Al 03 catalyst (R.H. Nibbelke, A.J.L. Nievergeld, J.H.B.J. Hoebink, G.B. Marin, Appl. Catal. B 19
(1998) 245). Only the rate coefficient for CO desorption from Pd was significantly lower, in line with literature data. Additional elementary
steps were combined with the above model in order to describe quantitatively the effect of water. The present study also shows that bull
diffusion of oxygen in ceria plays a major role, when the rate is enhanced by water. The inhibition effect cb@® be described by a
lower amount of oxygen-storage sites.
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1. Introduction such as ZrQ are preferred nowadays over pure Gefor
TWC application [6,7].

The use of three-way catalytic converters to reduce pol- Pd i.s the cheapest precious metal that is applicable in au-
lutants caused by automotive exhaust gases from Otto en-lomobile converters. But Pt-loaded catalysts have been dom-
gines is well established and still provides the most efficient Inant for a long time because of their high tolerance against
way. The three-way catalysts (TWC) simultaneously remove '€ad and sulfur poisoning. Due to a number of improve-
NO, CO, and hydrocarbons and consist of precious met- ments in fuel quallty, notably S|gn.|f|cantly lower lead and
als, promoters, and supports suchyaal,Os. Cerium oxide sulfur.contents_, and improved engine m_aljagement systems,
(CeQ) has been proven to improve the thermal stability of there is a growing deman(_j for.Pd—clonta.mlng ca}talysts [8,9].
the support, increase the noble metal dispersion, and act a herefore Pd—IQadc_ad ceria—zirconia mixed-oxide catalysts
oxygen-storage capacity (OSC) under oscillating conditions "3V been studied in this work.
and is extensively added to the currently used three-way .| Ne oXidation of CO and hydrocarbons and the reduc-
catalyst [2-5]. But it suffers from the drawback of thermal tion of nltrogelj oxides over metals of a pla}tlnum group
instability. In addition, OSC of the Cetrongly decreases has bgen Stud'ed extensively both by expenments.and l_)y
with thermal aging. Because of their superior aging stability modeling during the past decades [10-13]. Transient ki-

. o . : netic studies of the individual reactions over a single cat-
and higher storage capability, mixtures of Ga@th oxides . .
9 9 P y alyst were carried out recently [1,14-16]. Real engine ex-

haust gases, however, contain large amounts (10-14 vol%)
* Corresponding author. of steam and carbon dioxide from the combustion processes
E-mail address: j.h.b.j.hoebink@tue.nl (J.H.B.J. Hoebink). taking place in the engine. Therefore, there is a signifi-
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cant interest in the effect of these gases on catalyst perfor-2. Experimental setup
mance.

It has been reported that water enhances the rate of re- The experimental setup, used for the present study, is
action [17-22] and the presence of oxygen is required atdescribed in detail elsewhere [21,33]. It consists of three
temperatures too low for gas-phase water—gas-shift reactionsections: feed section, reactor section, and an on-line gas
to occur [21,22]. Furthermore, it is known thaz® does not analysis section.
adsorb onto noble metal surfaces [23,24] but can adsorb on  The feed section can generate two feed streams with dif-
ceria [25] and alumina [26,27]. ferent compositions. For each component, there is a blending

Hegedus et al. [17] and Muraki et al. [18] proposed that system, which contains an electromagnetic valve and a ther-
the presence of water would alter the CO oxidation equi- mal gas mass-flow controller. To add steam to both feeds,
librium, but Campman [21] found evidence against this pro- there are two HPLC pumps, which feed water into two evap-
posal. He performed a steady-state CO oxidation experimentorators. In order to prevent water condensation, all lines and
using H1%0 and*®0, and discovered that conversion of CO  devices downstream of the water evaporators are heated to
to COp occurs by the following reaction: 373 K. The two gas feed streams are alternated over the re-
actor by means of four magnetic valves. This is achieved by
2C1%0 4 1%0z + 2H,°0 — 2C1%0;, + 2H,1°0. opening the valves two by two, in which one feed is passed

This indicates that water is strongly involved in the to the reactor, while the other one is directed to the ventila-
oxidation of CO. A steady-state kinetic model involving tion.
monofunctional and bifunctional reaction paths was con-  The reactor section consists of two tubular preheaters
structed by Nibbelke et al. [22] for CO oxidation by Over in parallel and a stainless-steel (type 316) fixed-bed reac-
Pt/Rh/CeQ/y-Al,0O3 catalysts in the presence of 10 kPa tor contained in an oven. The size of the catalyst bed is
H»0 and CQ. The monofunctional path concerns the reac- 15 mm length and 13 mm diameter. Actual switching be-
tion between CO and O, both adsorbed on the noble metal.tween the feeds is achieved by sapphire bead valves, posi-
The bifunctional path involves CO on the noble metal and O tioned downstream of the magnetic valves and preheaters
from ceria. The accelerating effect of steam on the reaction near to the catalyst bed. This allows square-wave switches
is explained by an increased dissociation rate of molecularat high frequency [21,33]. Two infrared radiators placed
oxygen adsorbed on the ceria surface, with no net consump-nline with the reactor heat the reactor. Continuous sam-
tion of H>O. The inhibiting effect of CQ on the reaction pling of inlet and outlet gas is carried out via capillaries,
rate is explained by the adsorption of £€6n ceria, leading  inserted immediately above and below the catalyst bed, and
to the formation of carboxylate and carbonate species [28]. connected to the on-line mass spectrometer for real-time

Harmsen [29] carried out experiments, where NO plus analysis. A high-resolution mass spectrometer (JEOL JMS-
Oy in He was alternated with £, CoH4, and CO in He GCMate) was used for the analysis at a sampling frequency
over Pt/Rh/Ce@'y-Al,03 catalysts. The results were com- of 25 Hz [34].
pared in a qualitative way with experimental results, where  The catalyst used is a Pd-loaded (2 wt%) ceria—zirconia
10 vol% of H,O and/or CQ was added to both reactor feeds. mixed-oxide catalyst provided by the dfndlivision of
The findings show the enhancement of notably CO oxida- OMG, Hanau, Germany. The reactor contained typically
tion by water and inhibition by C@as reported by Nibbelke 0.3 g of catalyst (0.11-0.15 mm pellet diameter), diluted
et al. [22] and Li et al. [28]. The results also support that with 0.47 g of inerta-Al2O3 (diameter 0.15-0.21 mm) to
H,0O and CQ adsorb on ceria and not on noble metal [11, establish a uniform catalyst bed temperature. The remain-
30-32]. For guantitative modeling of the effect of®l and ing reactor bed volume was filled with-Al,03 to minimize
COy, Campman’s proposal [21] did not work since the ad- dead volume as much as possible.
sorption steps for oxygen, as directly taken from Nibbelke et  In order to obtain reproducible kinetic data, the cata-
al. [1], already assume instantaneous oxygen dissociation. lyst, prior to experiments, was heated to 773 K in a flow of

The objective of the present study is to investigate the ap- 5.6 x 10~2 mols~! He. Then, the catalyst was oxidized dur-
plicability of the dynamic model developed by Nibbelke et ing 1 h by a stream containing 2 vol% ob@ He. Finally,
al. [1] and to extend the model for CO oxidation by i@ the the catalyst was allowed to cool down to reaction tempera-
presence of KO and CQ. The latter is not well understood  ture under a helium stream ofx 103 mols™L.
from the viewpoint of elementary step kinetics and is impor-
tant since oxygen storage on ceria is a dynamic process un-
der automotive operating conditions. The model developed 3. Experimental results and discussion
here is based on transient experiments at 573 K over Pd-
loaded ceria—zirconia mixed-oxide catalysts, and can quan- The ranges of experimental conditions chosen in the
titatively describe the effect of #0 and CQ. The model present study are given in Table 1. Three types of cyclic feed-
developed by Nibbelke et al. [1] allows to predict the experi- ing experiments have been carried out: (1) experiments with
mental data of the present study without involvementg®H  CO (1 vol%) in helium in one feed and oxygen (0.5 vol%)
and CQ. in helium in the other feed, (2) experiments same as type 1,
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Table 1 two contributions. The maximum value refers mainly to the
Range of experimental conditions used for the development of the model  monofunctional path of reaction between CO and O on the
Temperature (K) 573 noble metal. The tail of this peak deals with the bifunctional
Total pressure (kPa) 110 path, e.g., CO adsorbed on the noble metal and oxygen from
Frequency (Hz) 130 the OSC. This is in accordance with previous work on CO
Po (kPa) 0-1.0 oxidation by @ over Pt/Rh/Ce@'y-Al 03 [1].

pgz (kPa) 0-1.0

PR0 (kPa) 0-14.0 3.2. Experimentswith H,0

p(o:oz (kPa) 0-14.0

Weat (kgead ; 03x 1073 The experiments were carried out in a similar way as
Dilution ratio (nﬁ?rtmi;ert—o—cat) 0.48 5 above, but with 14 vol% of water in both feeds. The CO
Total flow (mol's™) 56x 10" and @ concentrations and the G@oncentration, all at the
Duty cycle (%) 50

reactor outlet, are given in Figs. 2A and 2B, respectively.
It is evident from the figures, when compared to Figs. 1A
with 14 vol% water added to both feeds, and (3) experiments @"d 1B, that water enhances the rate of reaction on this
same as type 1, with 14 vol% of water and 6both feeds. catalyst as reported similarly in other studies for different
catalysts [17—-22]. The C{peak maximum of both the rich
3.1. Experimentswithout H,O and CO, and the lean half-cycle in Fig. 2B is slightly larger due to
the presence of water than that observed in Fig. 1B. A simi-
Experiments without KO and CQ were carried out at lar rate enhancement was observed f°7w2_03 [22] and
573 K, a switching frequency of/B0 Hz, and a duty cycle for PURNj -Al203 and Rhj-Al20s [21]. During the lean
of 50%. The feed stream containing CO (1 vol%) in He is half-c.ycle, the CQ concentration decays rapidly, as was the
alternated with @ (0.5 vol%) in He. The CO and £xoncen- case |n.the ab;ence of wa_ter. An ongoing large production of
trations in real time at the reactor outlet are given in Fig. 1A CO, eX|sts.dur|ng the entire rich hglf-cycle, when on!y co
and for CQ in Fig. 1B. The first half-cycle shows the re- and not Q is fed to the reactor. This .demand.s a continuous
sponse after switching fromQto CO and the second one  SUPPIy Of oxygen from the OSC during the rich half-cycle,
after switching from CO to @ The small CQ peak during which apparently exceeds the amount of oxygen, available
the lean half-cycle concerns the transient oxidation of O, &t the OSC surface, az the compa;afble signal in the absence
adsorbed on the noble metal. This peak rapidly decays wher®f wa_ltekr (see Fr']g' 1r|]3) ecays muc aster:. bifunctional
the catalyst surface gets depleted from the nonfed reactant. 1S known that the oxygen atoms for the bifunctional re-
The large CQ peak during the rich half-cycle results from action at the noble metal/oxide interface can be available by
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Fig. 1. Reactor outlet concentrations of CO angd(®) and CQ (B) versus Fig. 2. Reactor outlet concentrations of CO angd(®) and CQ (B) versus

time. Markers, measured data points; curves, model predictions. Condi- time. Markers, measured data points; curves, model predictions. Condi-
tions: T =573 K, frequency= 1/30 Hz, and in the absence of water. tions: T =573 K, frequency= 1/30 Hz, and in the presence of water.
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" developed by Nibbelke et al. [1], and second to construct the

relevant elementary steps, which can predict quantitatively
the influence of water and carbon dioxide.

The fixed-bed laboratory reactor used in this study is con-
sidered as an isothermal plug-flow reactor, with a constant
molar flow rate along the catalyst bed. The model equations
consist of four groups of continuity equations, namely gas-
phase continuity equations (for CO,0H20, and CQ),
surface species adsorbed on the noble metal surface, surface
species adsorbed on the OSC surface, and @dorbed
on the support. A detailed description of the reactor model
equations has been published [1]. In casg®OHs present,

Fig. 3. Reactor outlet concentrations of CO anglv@rsus time. Markers,  extra continuity equations are added for the relevant species,
?chff;;iszdf}?,opﬂ';tinﬁuﬂfﬁé Erc;:;z;eg;cgo@nnsd fb(gd'tms'sn K while an additional term is added to the continuity equation
for O species on the OSC surface, describing diffusive trans-

) o port between OSC bulk and surface (see Section 4.2).
either surface diffusion of oxygen adsorbed on the OSC sur-~ produce model predictions for reactor outlet concen-

face or by bulk diffusion of oxygen from the OSC lattice yations, experimentally measured reactor inlet concentra-
to the surface. Martin and Duprez [35] carried out diffu- jons were used. The reactor inlet concentrations gOH
sion studies and reported oxygen surface and bulk diffusion g,q/0r CQ present were set to zero when predicting the out-
coefficients for various oxides. Nibbelke et al. [1] showed |t concentrations in the absence ofand CQ, and kept

that bulk diffusion did not play a role in CO oxidation over 4t 14 vol% in the experiments withJ® and CQ present.
PURh/CeQ/y -Al 203, if water was absent. From the model-  The rates of all elementary reaction steps were calculated
ing studies, which will be discussed in the next section, the ;i3 the |aw of mass action. Estimation of kinetic parame-
same appears for Pd-loaded ceria—zirconia mier—oxide Calters, noble metal capacity, and oxygen-storage capacity of
alysts. In the presence of water, however, the diffusion of caria_zirconia was obtained from nonlinear multiresponse
oxygen from the OSC bulk to surface is clearly involved in  reqression analysis. The model calculations and regression

concentration, vol%

this particular case, even at 573 K. analysis have been carried out in a similar way as reported
_ _ earlier [1,29]. Since transient experiments provide data in a
3.3. Experimentswith H>O and CO; time-series format, individual data points cannot be consid-

ered as independent measurements, as would be the case for
The experiments were carried out in a similar way as steady-state kinetic experiments. This makes an interpreta-
above, but with 14 vol% of C@and 14 vol% of HO inboth  tjon of the statistical significance rather complicated, notably
feeds. The CO andfxoncentrations at the reactor outlet are for nonlinear systems, as has been discussed in detail [29]
given in Fig. 3. Due to the large amount of €@ the feed,

the CQ produced by CO oxidation is hard to distinguish 4.1. CO oxidation by O in the absence of H>O and CO»
from the signal’s noise and is not shown here. The contri-
bution of CQ mass fragmentation to the CO concentration  To explore the applicability of the model developed by
was eliminated, but makes the CO signal less stable. Itis ev-Nibbelke et al. [1] for CO oxidation by £over Pt/Rh/Ce@f
ident from Fig. 3, that C@inhibits the rate of reaction on  ;,-Al,05 catalysts, the present study used exactly the same
this catalyst as found in other studies [28-32] with differ- elementary reaction steps, which are shown in Table 2. The
ent catalysts. It has been reported thab@0Oes not adsorb  reaction mechanism consists of two monofunctional contri-
on noble metal sites [11], but it can adsorb on ceria [28-32]. putions (reaction paths A and B) and one bifunctional contri-
Also, CO, adsorption on ceria is reversible. Thus adsorption pution (reaction path C). Reaction path A involves the com-
of CO, on ceria may lead to less vacant sites for oxygen ad- petitive adsorption of CO and ®n the noble metal surface,
sorption and hence inhibits the rate of reaction. followed by a Langmuir-Hinshelwood surface reaction. Re-
action path B consists of CO adsorption on an oxygen atom,
adsorbed on the noble metal surface, followed by reaction to
4. Modeling resultsand discussion COy. Reaction path C is the bifunctional reaction path, in-
volving a reaction between CO adsorbed on the noble metal
A kinetic model for CO oxidation by @over Pd-loaded  surface and oxygen from the ceria—zirconia surface.
ceria—zirconia mixed-oxide catalysts in the presence and ab- The rate coefficients and the capacities (noble metal ca-
sence of water and carbon dioxide has been developed inpacity and oxygen-storage capacity), as obtained by nonlin-
a similar way as described for CO oxidation by Over ear multiresponse regression analysis of the CQ, @nd
Pt/Rh/CeQ/y-Al,03 catalysts [1]. The aim of this modeling  CO» outlet concentrations, are presented in Table 3. The val-
work is twofold: first, to test the applicability of the model ues reported by Nibbelke et al. [1], also given in Table 3,



40 R. Rajasree et al. / Journal of Catalysis 223 (2004) 36-43

Table 2 Table 3
Elementary reaction steps [1] (for Pt/Rh/Cg§-Al,O3 catalyst), used in Kinetic parameters, noble metal capaditynm ), and oxygen storage ca-
the kinetic modeling of the oxidation of CO by,@ver a Pd-loaded ceria— pacity (Losc), obtained by regression of the cyclic feeding experiments at
zirconia-mixed-oxide catalyst in the absence of water and carbon monoxide 573 K and a frequency of/B0 Hz
Step Elementary reaction steps Reaction path Parameter Units Nibbelke Present study
No. A B C etal. [1] Without With HO or with
oa oB oc H,Oand CQ H»0and CO
K Ko mdmol~ls™t 90x10° 121x10P 1.21x 10°
1 CO+ x=COx 2 0 2
L K st 12574 324x10°3  324x10°3
1
K, Ky mPmolls™ 101x10°  1.9x10° 19x 10°
2 Oy + x— Oox 1 1 0 § 1
kfs k3 s 00 oo oo
3 O + ¢ —>k2fo* 1 1 0 K, st 2513 1012 1012
4 COx + Ox =3 COp + 2% 2 0 0 K2 51 0.88 024 024
o
5 f 3 o1l
5 CO+ 0% = OCOx 0 2 0 Kk mimol~ls™l 472x10° 2.88x 103 2.69x 10°
K K st 0.77 162 162
f
6 0CO € O, + # 0 2 0 K m3mollsl 1136 023 246
K kf —1
7 Oy +5-% Oss 0 0 1 8 S > o o
K Kk st 465 562 1162
8 S+ s— 20s 0 0 1
st e=2 Ky  mimolsl 101 1162 1883
9
k
10 e _
10 CO+y = COy 0 0 0 Klg mol m~3 - - 326x 1073
b
k1o K1y - - - 60 x 10°
2C0+ 0y — 2CO, Ky 51 - - 268x 1073
o; represents the stoichiometric number of the different reaction steps for f 1
' : . . 14 s - - 209
reaction path. x denotes a noble metal site, s denotes a surface site of the
oxygen-storage capacity, apddenotes a support site. D m?s~1 - - 60x 10714
Lsupport Mol kg 0.15 015 015
LNM mol koot 0.15 02 02
oL . —1
were used as initial guess values. The noble metal capacity Losc ~ molkg 0.006 032 0.320r 0.04%
. —3
of the current catalyst has the same order of magnitude as  #p kgcatmp 2280 1586 1580

the catalyst of Nibbelke et al. [1]. The oxygen-storage ca- The results are compared with the data of Nibbelke et al. [1], obtained by
pacity, however, appears to be a factor 50 larger. It should beregression of cyclic feeding experiments at 393, 413, and 433 K.
expected that ceria/zirconia has a considerably larger stor- * The value was 0.32 molig; if water only was present and
age capacity than ceria [36]. The support capacity was kept®-046 molkgs; with both H,0 and CQ present.

unchanged during the calculations, since the support is the = Provided by OMG-dmg division.

same for both catalysts.

The calculated reactor outlet concentrations are pre-  The rate coefficient of CO desorption from the noble
sented, together with the experimental data, in Figs. 1A metal (backward reaction in step 1) is very low in the present
and 1B. There is a good agreement between measured andtudy compared to the value reported by Nibbelke et al. [1].
predicted data. Thus it can be concluded that the modelThis is notably due to the difference in the noble metal
developed by Nibbelke et al. [1] can be applied also for sim- ysed, and such phenomenon has been observed by other re-
ulating the transient behavior over other three-way catalysts.searchers [37—-39], where it is reported that desorption of CO

It is clear from Table 3 that the rates of adsorption of from Pd is slowly occurring around 480 K, while CO de-
CO on noble metal (forward reaction in step 1), of adsorp- sorption from Pt readily occurs at much lower temperatures.
tion of Oz on noble metal (combined steps 2 and 3), of the This slow rate of CO desorption from the noble metal has
reversible reaction between CO and oxygen adsorbed on no-an effect on the surface reaction between CO and oxygen on
ble metal (step 5), of the formation of GdGrom OCOx noble metal (step 4), since a lower rate coefficient is found
(step 6), and of the reversible adsorption of L££@n the for the present catalyst.
support (step 10) have the same order of magnitude for the Itis also seen that the rate of adsorption of oxygen on ox-
catalyst of Nibbelke et al. [1] and for the current catalyst. ide (step 7) has decreased considerably in the present study,
Differences can be explained on the basis of observed ca-which can be ascribed to the change in the oxygen-storage
pacities, but in general the above coefficients are more orcomponent. The change in the above rate parameter has an
less the same for both catalysts. influence on the surface reaction between CO adsorbed on
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the noble metal and oxygen adsorbed on the storage compoef oxygen, consumed during the rich half-cycle by produced
nent (step 9), where there is a decrease in the rate coefficienCO,, was much higher than available from the noble metal
with a factor of 10. This could be ascribed to a lower oxy- surface and the OSC surface. Moreover the oxygen stored
gen surface diffusivity for ceria/zirconia compared to ceria. during the lean cycle exceeded considerably the surface ca-
Indeed Martin and Duprez [35] reported that at 673 K the pacities. Since the overall balances appeared to be closed,
oxygen diffusivity on the oxide surface of Rh/zirconia is a there is a strong suggestion that the OSC is larger by the
factor 100 smaller than for Rh/ceria. For Pt they were not involvement of bulk oxygen in ceria/zirconia. Therefore an
able to measure the surface diffusivities, as the adsorption ofoxygen diffusion flux was incorporated in the model. Appar-

oxygen became the rate-determining step. ently the rate enhancement of CO oxidation by the presence
of water causes an early depletion of surface oxygen on the
4.2. CO oxidation by O in the presence of H,O storage capacity during the rich half-cycle, as this oxygen is

consumed via steps 9, 12, and 14. The surface oxygen de-

A kinetic model based on elementary steps was devel- pletion creates oxygen vacancies. Since there is no gaseous
oped for the CO oxidation in the presence of 14 kPa water oxygen available to fill up these vacancies, diffusion of oxy-
at 573 K. The elementary reaction steps considered for de-gen from bulk OSC to the surface takes place. This can also
scribing the effect of water are presented in Table 4. It is pe represented as the diffusion of oxygen vacancies created
essentially a bifunctional reaction path involving CO ad- 4t the oxide surface into the bulk of ceria. The opposite oc-
sorbed on noble metal and OH adsorbed on OSC. curs during the lean half-cycle. Oxygen supply from the bulk

In step 11, reversible adsorption 0p@ occurs on OSC  explains the ongoing COproduction during the whole rich
sites forming HOs, which is assumed to be in equilibrium half-cycle.
due to the high concentration of water. This step justexplains  Tne flux of oxygen vacancies into the bulk of OSC is de-
the presence of adsorbed® on the OSC. HOs reacts re-  yiyed from the continuity equation for the oxygen vacancy
versibly with oxygen on the OSC surface, forming adsorbed fyaction xy, in bulk OSC, assuming semi-infinite slab geom-
OH on OSC as presented in step 12. This OH group reactSeyry, This assumption allows a rather simple relation for the

with CO adsorbed on the noble metal, resulting inZG@d  fx through the outer surface of the OSC to be settled. It will
H adatoms, adsorbed on the OSC. The latter then react Wlthho|d if only a few layers underneath the outer surface take

OSC oxygen to form BOs, which closes the catalytic cycle.  part in the process, which is the case when rich excursions

It has been observed, when simulating the experimental g, ot |ast too long. Under the above assumption, Fick's sec-
data with the above steps incorporated in the mechamsm ofond law for oxygen vacancy diffusion into the oxide is given
Table 2, that it was not possible to predict the experimen- |,

tal performance. A major discrepancy was that the amount

0xp _ 82xb )
Table 4 ar 0 9r2’
Elementary step reaction path considered for kinetic modeling of the effect ) ) o ) 1
of water on the oxidation of CO by fover a Pd-loaded ceria—zirconia- ~ Where Dg is the diffusivity of oxygen vacancies 6’3_ )

mixed-oxide catalyst r (m) is the distance from the surface, angs the fraction
Step Elementary reaction steps Reaction Of oxygen vacancies in the OSC bulk.
No. path.op The initial condition at the start of the rich half-cycle is
K t=0,x,=0.
1 CO+#COx 2 The boundary conditions are:
ky
7 02+sﬁf7> Oos 1 t >0, r=0(atthe surface) xp=xs,
8 Ops+5°2 205 0 t>0, r=o0(semi-infinite bulk) xp=0,
f
11 HO + S"g H,Os 0 with xs the fraction of oxygen vacancies on the OSC surface.
KB The flux¢s through the interface surface is then given by
Ko
12 Os+ Os2 20Hs 1 0xs
k i ¢s = —NspcatDo—— s )
12 or |,—o
kg
13 COx+ OHs='CO, + H 2 . . .
" kfs—> Oz +Hstx with Ns the bulk concentration of vacancies (mofkg and
14 2Hs+ Os+ HpOs+ 25 1 pcatthe catalyst density (kgim..3). Solving Egs. (1) and (2)
2C0x 4 20s— 2COp + 2% + 25 with the boundary conditions leads to [40]

op represents the stoichiometric number of the reaction steps for the extra

reaction path D consisting of steps 12—14. Step 11 explains the presence of 1 ! 1 dxs
adsorbed HO. * denotes a noble metal site, s denotes an oxygen storage ¢s = Ngpcaty/ Do—— / —dr. 3)
capacity site. (Note that steps 1, 7, and 8 are the same as in Table 2.) \/7? 0 Jt—1 0t
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The integral in Eq. (3) can be solved numerically to pro- species can decrease the reaction rate of the bifunctional path

vide (C and D) by decreasing the ceria surface available for oxy-
1 gen adsorption. This in turn decreases the concentration of
¢s = 2Nspcar\/D_07 adsorbed oxygen on ceria and hinders the interface reaction,
1 i1 d i.e., step 9 and step 13. ' o
N Z Xgx x5x (\/tn - tk) _ @ Hence'the elementary steps considered in this case are the
~ el — same as in the presence of water only. The rate coefficients

and the capacities used to make model predictions are given
with ¢Z the flux at timer at axial positionx of the reactor  in Table 3. The only difference between the cases of water
(molm=2s~1). The flux is positive when oxygen vacancies only present and water and G@resent is in the oxygen-
at the OSC surface diffuse into the bulk ceria, which means storage capacityZ(psg. The value ofLysc, when CQ and
that at the same time oxygen from the bulk diffuses to the H,O are present, is higher than in the absence of water and
surface. COy and lower than in the presence of water only.
Regression analysis of the experimental data in the pres-  The predicted reactor outlet concentration for CO aad O
ence of water was carried out with the CO oxidation model is shown in Fig. 3. It is evident from Fig. 3 that there is
(Table 2), including the water-enhancement effect (Table 4) a good agreement between the measured and the predicted
and the oxygen-diffusionflux [Eq. (4)]. The capacities of no- data. As noted earlier, the high G&ed concentration used
ble metal, oxygen storage, and support were kept at the samén this case prohibits the successful measurement of CO
values as in the case of no water in the feed. The reactortransients at the reactor outlet and is not interpreted.
outlet concentrations, predicted by the model, are presented
in Fig. 2A for CO and @, and in Fig. 2B for CQ along
with the experimental data. It is seen that there is a good 5. Conclusions
agreement between experimental and predicted values. The
obtained rate parameters are given in Table 3 for comparison The applicability of the dynamic model developed by
with the case without water. Nibbelke et al. [1] is investigated for a different automotive
The results for the reversible reactions 11 and 12 are re-catalyst and is extended for CO oxidation by i@ the pres-
ported as equilibrium coefficients, since simulations showed ence of HO and CQ. The study shows that this model can
that an increase of the forward and backward rate coefficientbe applied for simulating the transient behavior over other
with the same factor did not affect the model predictions. three-way catalysts. Water enhances the rate of reaction and
Apparently the rates of these steps are relatively large, whichCQ, inhibits the rate of reaction as reported in the literature.
could be explained from the large excess of water. This also The effect of water is essentially a bifunctional reaction path
suggests that the majority of oxygen from the gas phase endsnvolving CO adsorbed on the noble metal and OH adsorbed
up in water, while water provides the oxygen for CO oxi- on the OSC. The bulk diffusion of oxygen in ceria plays a
dation, as was observed by Campman [21] in his isotopic major role in the presence of water. The inhibition effect of
experiments. COy is described by a lower amount of oxygen-storage sites.
It can be seen, when comparing columns 3 and 4 in Ta-
ble 3, that almost all rate coefficients have the same or nearly
the same values for the steps noted in Table 2, as shouldAcknowledgments
be expected. A notable difference is the adsorption of oxy-
gen on the storage component, which is a factor of 10 larger  The authors gratefully acknowledge the dnaévision of
for ceria/zirconia, because the rate enhancement by watetOMG (Hanau, Germany) for providing the catalyst used in
causes a larger number of oxygen vacancies on the OSC surthis studly.
face.
The bulk diffusivity of oxygen vacancies was found to
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