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Transient kinetics of carbon monoxide oxidation by oxygen
over supported palladium/ceria/zirconia three-way catalysts
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Abstract

The transient kinetics of CO oxidation by O2 over alumina-supported Pd/CeO2/ZrO2 three-way catalysts is described in the absence
presence of H2O and CO2 in the feed. Experiments were carried out in a laboratory fixed-bed reactor at 573 K, while periodically sw
between a feed of 1 vol% CO in He and a feed of 0.5 vol% O2 in He with a frequency of 1/30 Hz. Separate experiments were perform
with 14 vol% water in both feeds, and, as is the case with real engine exhaust gas, with 14 vol% water and 14 vol% CO2 in both feeds. The
presence of water largely enhanced the reaction rate, while it was inhibited by CO2. A transient kinetic model has been developed for
catalyst, based on the experimental data. It was found that the reaction in the absence of H2O and CO2 proceeds via the same elementa
steps as reported for a Pt/Rh/CeO2/γ -Al2O3 catalyst (R.H. Nibbelke, A.J.L. Nievergeld, J.H.B.J. Hoebink, G.B. Marin, Appl. Catal. B
(1998) 245). Only the rate coefficient for CO desorption from Pd was significantly lower, in line with literature data. Additional elem
steps were combined with the above model in order to describe quantitatively the effect of water. The present study also show
diffusion of oxygen in ceria plays a major role, when the rate is enhanced by water. The inhibition effect of CO2 could be described by
lower amount of oxygen-storage sites.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The use of three-way catalytic converters to reduce
lutants caused by automotive exhaust gases from Otto
gines is well established and still provides the most effic
way. The three-way catalysts (TWC) simultaneously rem
NO, CO, and hydrocarbons and consist of precious m
als, promoters, and supports such asγ -Al2O3. Cerium oxide
(CeO2) has been proven to improve the thermal stability
the support, increase the noble metal dispersion, and a
oxygen-storage capacity (OSC) under oscillating condit
and is extensively added to the currently used three-
catalyst [2–5]. But it suffers from the drawback of therm
instability. In addition, OSC of the CeO2 strongly decrease
with thermal aging. Because of their superior aging stab
and higher storage capability, mixtures of CeO2 with oxides
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E-mail address: j.h.b.j.hoebink@tue.nl (J.H.B.J. Hoebink).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
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s

such as ZrO2 are preferred nowadays over pure CeO2 for
TWC application [6,7].

Pd is the cheapest precious metal that is applicable in
tomobile converters. But Pt-loaded catalysts have been d
inant for a long time because of their high tolerance aga
lead and sulfur poisoning. Due to a number of impro
ments in fuel quality, notably significantly lower lead a
sulfur contents, and improved engine management syst
there is a growing demand for Pd-containing catalysts [8
Therefore Pd-loaded ceria–zirconia mixed-oxide catal
have been studied in this work.

The oxidation of CO and hydrocarbons and the red
tion of nitrogen oxides over metals of a platinum gro
has been studied extensively both by experiments an
modeling during the past decades [10–13]. Transient
netic studies of the individual reactions over a single
alyst were carried out recently [1,14–16]. Real engine
haust gases, however, contain large amounts (10–14 v
of steam and carbon dioxide from the combustion proce
taking place in the engine. Therefore, there is a sig

http://www.elsevier.com/locate/jcat
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cant interest in the effect of these gases on catalyst pe
mance.

It has been reported that water enhances the rate o
action [17–22] and the presence of oxygen is require
temperatures too low for gas-phase water–gas-shift reac
to occur [21,22]. Furthermore, it is known that H2O does not
adsorb onto noble metal surfaces [23,24] but can adsor
ceria [25] and alumina [26,27].

Hegedus et al. [17] and Muraki et al. [18] proposed t
the presence of water would alter the CO oxidation eq
librium, but Campman [21] found evidence against this p
posal. He performed a steady-state CO oxidation experim
using H2

16O and18O2 and discovered that conversion of C
to CO2 occurs by the following reaction:

2C16O+ 18O2 + 2H2
16O→ 2C16O2 + 2H2

18O.

This indicates that water is strongly involved in t
oxidation of CO. A steady-state kinetic model involvi
monofunctional and bifunctional reaction paths was c
structed by Nibbelke et al. [22] for CO oxidation by O2 over
Pt/Rh/CeO2/γ -Al2O3 catalysts in the presence of 10 k
H2O and CO2. The monofunctional path concerns the re
tion between CO and O, both adsorbed on the noble m
The bifunctional path involves CO on the noble metal an
from ceria. The accelerating effect of steam on the reac
is explained by an increased dissociation rate of molec
oxygen adsorbed on the ceria surface, with no net consu
tion of H2O. The inhibiting effect of CO2 on the reaction
rate is explained by the adsorption of CO2 on ceria, leading
to the formation of carboxylate and carbonate species [2

Harmsen [29] carried out experiments, where NO p
O2 in He was alternated with C2H2, C2H4, and CO in He
over Pt/Rh/CeO2/γ -Al2O3 catalysts. The results were com
pared in a qualitative way with experimental results, wh
10 vol% of H2O and/or CO2 was added to both reactor feed
The findings show the enhancement of notably CO ox
tion by water and inhibition by CO2 as reported by Nibbelk
et al. [22] and Li et al. [28]. The results also support t
H2O and CO2 adsorb on ceria and not on noble metal [1
30–32]. For quantitative modeling of the effect of H2O and
CO2, Campman’s proposal [21] did not work since the a
sorption steps for oxygen, as directly taken from Nibbelk
al. [1], already assume instantaneous oxygen dissociatio

The objective of the present study is to investigate the
plicability of the dynamic model developed by Nibbelke
al. [1] and to extend the model for CO oxidation by O2 in the
presence of H2O and CO2. The latter is not well understoo
from the viewpoint of elementary step kinetics and is imp
tant since oxygen storage on ceria is a dynamic proces
der automotive operating conditions. The model develo
here is based on transient experiments at 573 K over
loaded ceria–zirconia mixed-oxide catalysts, and can q
titatively describe the effect of H2O and CO2. The model
developed by Nibbelke et al. [1] allows to predict the exp
mental data of the present study without involvement of H2O
and CO2.
-

s

t

-

-

2. Experimental setup

The experimental setup, used for the present stud
described in detail elsewhere [21,33]. It consists of th
sections: feed section, reactor section, and an on-line
analysis section.

The feed section can generate two feed streams with
ferent compositions. For each component, there is a blen
system, which contains an electromagnetic valve and a
mal gas mass-flow controller. To add steam to both fe
there are two HPLC pumps, which feed water into two ev
orators. In order to prevent water condensation, all lines
devices downstream of the water evaporators are heat
373 K. The two gas feed streams are alternated over th
actor by means of four magnetic valves. This is achieved
opening the valves two by two, in which one feed is pas
to the reactor, while the other one is directed to the ven
tion.

The reactor section consists of two tubular prehea
in parallel and a stainless-steel (type 316) fixed-bed r
tor contained in an oven. The size of the catalyst be
15 mm length and 13 mm diameter. Actual switching
tween the feeds is achieved by sapphire bead valves,
tioned downstream of the magnetic valves and prehea
near to the catalyst bed. This allows square-wave switc
at high frequency [21,33]. Two infrared radiators plac
inline with the reactor heat the reactor. Continuous s
pling of inlet and outlet gas is carried out via capillarie
inserted immediately above and below the catalyst bed,
connected to the on-line mass spectrometer for real-
analysis. A high-resolution mass spectrometer (JEOL J
GCMate) was used for the analysis at a sampling freque
of 25 Hz [34].

The catalyst used is a Pd-loaded (2 wt%) ceria–zirco
mixed-oxide catalyst provided by the dmc2 division of
OMG, Hanau, Germany. The reactor contained typic
0.3 g of catalyst (0.11–0.15 mm pellet diameter), dilu
with 0.47 g of inertα-Al2O3 (diameter 0.15–0.21 mm) t
establish a uniform catalyst bed temperature. The rem
ing reactor bed volume was filled withα-Al2O3 to minimize
dead volume as much as possible.

In order to obtain reproducible kinetic data, the ca
lyst, prior to experiments, was heated to 773 K in a flow
5.6× 10−3 mol s−1 He. Then, the catalyst was oxidized du
ing 1 h by a stream containing 2 vol% of O2 in He. Finally,
the catalyst was allowed to cool down to reaction temp
ture under a helium stream of 5.6× 10−3 mol s−1.

3. Experimental results and discussion

The ranges of experimental conditions chosen in
present study are given in Table 1. Three types of cyclic fe
ing experiments have been carried out: (1) experiments
CO (1 vol%) in helium in one feed and oxygen (0.5 vol%
in helium in the other feed, (2) experiments same as typ
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Table 1
Range of experimental conditions used for the development of the mo

Temperature (K) 573
Total pressure (kPa) 110
Frequency (Hz) 1/30

p0
CO (kPa) 0–1.0

p0
O2

(kPa) 0–1.0

p0
H2O (kPa) 0–14.0

p0
CO2

(kPa) 0–14.0

Wcat (kgcat) 0.3× 10−3

Dilution ratio (m3
inertm

−3
inert+cat) 0.48

Total flow (mol s−1) 5.6× 10−3

Duty cycle (%) 50

with 14 vol% water added to both feeds, and (3) experim
same as type 1, with 14 vol% of water and CO2 in both feeds.

3.1. Experiments without H2O and CO2

Experiments without H2O and CO2 were carried out a
573 K, a switching frequency of 1/30 Hz, and a duty cycle
of 50%. The feed stream containing CO (1 vol%) in He
alternated with O2 (0.5 vol%) in He. The CO and O2 concen-
trations in real time at the reactor outlet are given in Fig.
and for CO2 in Fig. 1B. The first half-cycle shows the r
sponse after switching from O2 to CO and the second on
after switching from CO to O2. The small CO2 peak during
the lean half-cycle concerns the transient oxidation of C
adsorbed on the noble metal. This peak rapidly decays w
the catalyst surface gets depleted from the nonfed reac
The large CO2 peak during the rich half-cycle results fro

Fig. 1. Reactor outlet concentrations of CO and O2 (A) and CO2 (B) versus
time. Markers, measured data points; curves, model predictions. C
tions:T = 573 K, frequency= 1/30 Hz, and in the absence of water.
.

two contributions. The maximum value refers mainly to
monofunctional path of reaction between CO and O on
noble metal. The tail of this peak deals with the bifunctio
path, e.g., CO adsorbed on the noble metal and oxygen
the OSC. This is in accordance with previous work on
oxidation by O2 over Pt/Rh/CeO2/γ -Al2O3 [1].

3.2. Experiments with H2O

The experiments were carried out in a similar way
above, but with 14 vol% of water in both feeds. The C
and O2 concentrations and the CO2 concentration, all at th
reactor outlet, are given in Figs. 2A and 2B, respectiv
It is evident from the figures, when compared to Figs.
and 1B, that water enhances the rate of reaction on
catalyst as reported similarly in other studies for differ
catalysts [17–22]. The CO2 peak maximum of both the ric
and the lean half-cycle in Fig. 2B is slightly larger due
the presence of water than that observed in Fig. 1B. A s
lar rate enhancement was observed for Pt/γ -Al2O3 [22] and
for Pt/Rh/γ -Al2O3 and Rh/γ -Al2O3 [21]. During the lean
half-cycle, the CO2 concentration decays rapidly, as was
case in the absence of water. An ongoing large productio
CO2 exists during the entire rich half-cycle, when only C
and not O2 is fed to the reactor. This demands a continu
supply of oxygen from the OSC during the rich half-cyc
which apparently exceeds the amount of oxygen, avail
at the OSC surface, as the comparable signal in the abs
of water (see Fig. 1B) decays much faster.

It is known that the oxygen atoms for the bifunctional
action at the noble metal/oxide interface can be availabl

Fig. 2. Reactor outlet concentrations of CO and O2 (A) and CO2 (B) versus
time. Markers, measured data points; curves, model predictions. C
tions:T = 573 K, frequency= 1/30 Hz, and in the presence of water.
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Fig. 3. Reactor outlet concentrations of CO and O2 versus time. Markers
measured data points; curves, model predictions. Conditions:T = 573 K,
frequency= 1/30 Hz, and in the presence of CO2 and H2O.

either surface diffusion of oxygen adsorbed on the OSC
face or by bulk diffusion of oxygen from the OSC latti
to the surface. Martin and Duprez [35] carried out dif
sion studies and reported oxygen surface and bulk diffu
coefficients for various oxides. Nibbelke et al. [1] show
that bulk diffusion did not play a role in CO oxidation ov
Pt/Rh/CeO2/γ -Al2O3, if water was absent. From the mode
ing studies, which will be discussed in the next section,
same appears for Pd-loaded ceria–zirconia mixed-oxide
alysts. In the presence of water, however, the diffusion
oxygen from the OSC bulk to surface is clearly involved
this particular case, even at 573 K.

3.3. Experiments with H2O and CO2

The experiments were carried out in a similar way
above, but with 14 vol% of CO2 and 14 vol% of H2O in both
feeds. The CO and O2 concentrations at the reactor outlet a
given in Fig. 3. Due to the large amount of CO2 in the feed,
the CO2 produced by CO oxidation is hard to distingui
from the signal’s noise and is not shown here. The con
bution of CO2 mass fragmentation to the CO concentrat
was eliminated, but makes the CO signal less stable. It is
ident from Fig. 3, that CO2 inhibits the rate of reaction o
this catalyst as found in other studies [28–32] with diff
ent catalysts. It has been reported that CO2 does not adsorb
on noble metal sites [11], but it can adsorb on ceria [28–
Also, CO2 adsorption on ceria is reversible. Thus adsorpt
of CO2 on ceria may lead to less vacant sites for oxygen
sorption and hence inhibits the rate of reaction.

4. Modeling results and discussion

A kinetic model for CO oxidation by O2 over Pd-loaded
ceria–zirconia mixed-oxide catalysts in the presence and
sence of water and carbon dioxide has been develope
a similar way as described for CO oxidation by O2 over
Pt/Rh/CeO2/γ -Al2O3 catalysts [1]. The aim of this modelin
work is twofold: first, to test the applicability of the mod
developed by Nibbelke et al. [1], and second to construc
relevant elementary steps, which can predict quantitati
the influence of water and carbon dioxide.

The fixed-bed laboratory reactor used in this study is c
sidered as an isothermal plug-flow reactor, with a cons
molar flow rate along the catalyst bed. The model equat
consist of four groups of continuity equations, namely g
phase continuity equations (for CO, O2, H2O, and CO2),
surface species adsorbed on the noble metal surface, su
species adsorbed on the OSC surface, and CO2 adsorbed
on the support. A detailed description of the reactor mo
equations has been published [1]. In case H2O is present,
extra continuity equations are added for the relevant spe
while an additional term is added to the continuity equat
for O species on the OSC surface, describing diffusive tra
port between OSC bulk and surface (see Section 4.2).

To produce model predictions for reactor outlet conc
trations, experimentally measured reactor inlet concen
tions were used. The reactor inlet concentrations of H2O
and/or CO2 present were set to zero when predicting the o
let concentrations in the absence of H2O and CO2, and kept
at 14 vol% in the experiments with H2O and CO2 present.
The rates of all elementary reaction steps were calcul
via the law of mass action. Estimation of kinetic param
ters, noble metal capacity, and oxygen-storage capaci
ceria–zirconia was obtained from nonlinear multirespo
regression analysis. The model calculations and regres
analysis have been carried out in a similar way as repo
earlier [1,29]. Since transient experiments provide data
time-series format, individual data points cannot be con
ered as independent measurements, as would be the ca
steady-state kinetic experiments. This makes an interp
tion of the statistical significance rather complicated, nota
for nonlinear systems, as has been discussed in detail [2

4.1. CO oxidation by O2 in the absence of H2O and CO2

To explore the applicability of the model developed
Nibbelke et al. [1] for CO oxidation by O2 over Pt/Rh/CeO2/
γ -Al2O3 catalysts, the present study used exactly the s
elementary reaction steps, which are shown in Table 2.
reaction mechanism consists of two monofunctional con
butions (reaction paths A and B) and one bifunctional con
bution (reaction path C). Reaction path A involves the co
petitive adsorption of CO and O2 on the noble metal surface
followed by a Langmuir–Hinshelwood surface reaction. R
action path B consists of CO adsorption on an oxygen at
adsorbed on the noble metal surface, followed by reactio
CO2. Reaction path C is the bifunctional reaction path,
volving a reaction between CO adsorbed on the noble m
surface and oxygen from the ceria–zirconia surface.

The rate coefficients and the capacities (noble meta
pacity and oxygen-storage capacity), as obtained by no
ear multiresponse regression analysis of the CO, O2, and
CO2 outlet concentrations, are presented in Table 3. The
ues reported by Nibbelke et al. [1], also given in Table
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Table 2
Elementary reaction steps [1] (for Pt/Rh/CeO2/γ -Al2O3 catalyst), used in
the kinetic modeling of the oxidation of CO by O2 over a Pd-loaded ceria
zirconia-mixed-oxide catalyst in the absence of water and carbon mon

Step Elementary reaction steps Reaction path

No. A B C
σA σB σC

1 CO+ ∗
kf
1

�
kb
1

CO∗ 2 0 2

2 O2 + ∗ kf
2→O2∗ 1 1 0

3 O2∗ + ∗ kf
3→2O∗ 1 1 0

4 CO∗ + O∗ kf
4→CO2 + 2∗ 2 0 0

5 CO+ O∗
kf
5

�
kb
5

OCO∗ 0 2 0

6 OCO∗ kf
6→CO2 + ∗ 0 2 0

7 O2 + s
kf
7→O2s 0 0 1

8 O2s+ s
kf
8→2Os 0 0 1

9 CO∗ + Os
kf
9→CO2 + ∗ + s 0 0 2

10 CO2 + γ

kf
10
�
kb
10

CO2γ 0 0 0

2CO+ O2 → 2CO2

σi represents the stoichiometric number of the different reaction step
reaction pathi. ∗ denotes a noble metal site, s denotes a surface site o
oxygen-storage capacity, andγ denotes a support site.

were used as initial guess values. The noble metal cap
of the current catalyst has the same order of magnitud
the catalyst of Nibbelke et al. [1]. The oxygen-storage
pacity, however, appears to be a factor 50 larger. It shou
expected that ceria/zirconia has a considerably larger
age capacity than ceria [36]. The support capacity was
unchanged during the calculations, since the support is
same for both catalysts.

The calculated reactor outlet concentrations are
sented, together with the experimental data, in Figs.
and 1B. There is a good agreement between measure
predicted data. Thus it can be concluded that the m
developed by Nibbelke et al. [1] can be applied also for s
ulating the transient behavior over other three-way catal

It is clear from Table 3 that the rates of adsorption
CO on noble metal (forward reaction in step 1), of adso
tion of O2 on noble metal (combined steps 2 and 3), of
reversible reaction between CO and oxygen adsorbed o
ble metal (step 5), of the formation of CO2 from OCO∗
(step 6), and of the reversible adsorption of CO2 on the
support (step 10) have the same order of magnitude fo
catalyst of Nibbelke et al. [1] and for the current cataly
Differences can be explained on the basis of observed
pacities, but in general the above coefficients are mor
less the same for both catalysts.
d

-

-

Table 3
Kinetic parameters, noble metal capacity(LNM), and oxygen storage ca
pacity (LOSC), obtained by regression of the cyclic feeding experiment
573 K and a frequency of 1/30 Hz

Parameter Units Nibbelke Present study

et al. [1] Without With H2O or with
H2O and CO2 H2O and CO2

kf
1 m3 mol−1 s−1 9.0× 105 1.21× 106 1.21× 106

kb
1 s−1 125.74 3.24× 10−3 3.24× 10−3

kf
2 m3 mol−1 s−1 1.01× 105 1.9× 105 1.9× 105

kf
3 s−1 ∞ ∞ ∞

kf
4 s−1 25.13 1.012 1.012

kb
5 s−1 0.88 0.24 0.24

kf
5 m3 mol−1 s−1 4.72× 103 2.88× 103 2.69× 103

kf
6 s−1 0.77 1.62 1.62

kf
7 m3 mol−1 s−1 11.36 0.23 2.46

kf
8 s−1 ∞ ∞ ∞

kf
9 s−1 46.5 5.62 11.62

kf
10 m3 mol−1 s−1 10.1 11.62 1.883

kb
10 s−1 25.98 37.07 37.07

K
eq
11 mol m−3 – – 3.26× 10−3

K
eq
12 – – – 6.0× 105

kf
13 s−1 – – 2.68× 10−3

kf
14 s−1 – – 20.9

D m2 s−1 – – 6.0× 10−14

Lsupport mol kg−1
cat 0.15 0.15 0.15

LNM mol kg−1
cat 0.15 0.2 0.2

LOSC mol kg−1
cat 0.006 0.32 0.32 or 0.046a

ρp kgcatm
−3
p 2280 1580b 1580

The results are compared with the data of Nibbelke et al. [1], obtaine
regression of cyclic feeding experiments at 393, 413, and 433 K.

a The value was 0.32 mol kg−1
cat if water only was present an

0.046 mol kg−1
cat with both H2O and CO2 present.

b Provided by OMG-dmc2 division.

The rate coefficient of CO desorption from the no
metal (backward reaction in step 1) is very low in the pres
study compared to the value reported by Nibbelke et al.
This is notably due to the difference in the noble me
used, and such phenomenon has been observed by oth
searchers [37–39], where it is reported that desorption o
from Pd is slowly occurring around 480 K, while CO d
sorption from Pt readily occurs at much lower temperatu
This slow rate of CO desorption from the noble metal
an effect on the surface reaction between CO and oxyge
noble metal (step 4), since a lower rate coefficient is fo
for the present catalyst.

It is also seen that the rate of adsorption of oxygen on
ide (step 7) has decreased considerably in the present s
which can be ascribed to the change in the oxygen-sto
component. The change in the above rate parameter h
influence on the surface reaction between CO adsorbe
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the noble metal and oxygen adsorbed on the storage co
nent (step 9), where there is a decrease in the rate coeffi
with a factor of 10. This could be ascribed to a lower ox
gen surface diffusivity for ceria/zirconia compared to ce
Indeed Martin and Duprez [35] reported that at 673 K
oxygen diffusivity on the oxide surface of Rh/zirconia is
factor 100 smaller than for Rh/ceria. For Pt they were
able to measure the surface diffusivities, as the adsorptio
oxygen became the rate-determining step.

4.2. CO oxidation by O2 in the presence of H2O

A kinetic model based on elementary steps was de
oped for the CO oxidation in the presence of 14 kPa w
at 573 K. The elementary reaction steps considered for
scribing the effect of water are presented in Table 4. I
essentially a bifunctional reaction path involving CO a
sorbed on noble metal and OH adsorbed on OSC.

In step 11, reversible adsorption of H2O occurs on OSC
sites forming H2Os, which is assumed to be in equilibriu
due to the high concentration of water. This step just expl
the presence of adsorbed H2O on the OSC. H2Os reacts re
versibly with oxygen on the OSC surface, forming adsor
OH on OSC as presented in step 12. This OH group re
with CO adsorbed on the noble metal, resulting in CO2 and
H adatoms, adsorbed on the OSC. The latter then react
OSC oxygen to form H2Os, which closes the catalytic cycl

It has been observed, when simulating the experime
data with the above steps incorporated in the mechanis
Table 2, that it was not possible to predict the experim
tal performance. A major discrepancy was that the amo

Table 4
Elementary step reaction path considered for kinetic modeling of the e
of water on the oxidation of CO by O2 over a Pd-loaded ceria–zirconia
mixed-oxide catalyst

Step Elementary reaction steps React
No. path,σD

1 CO+ ∗
kf
1

�
kb
1

CO∗ 2

7 O2 + s
kf
7→O2s 1

8 O2s+ s
kf
8→2Os 0

11 H2O+ s
kf
11
�
kb
11

H2Os 0

12 H2Os+ Os
kf
12
�
kb
12

2OHs 1

13 CO∗ + OHs
kf
13→ CO2 + Hs+ ∗ 2

14 2Hs+ Os
kf
14→ H2Os+ 2s 1

2CO∗ + 2Os→ 2CO2 + 2∗ + 2s

σD represents the stoichiometric number of the reaction steps for the
reaction path D consisting of steps 12–14. Step 11 explains the prese
adsorbed H2O. ∗ denotes a noble metal site, s denotes an oxygen sto
capacity site. (Note that steps 1, 7, and 8 are the same as in Table 2.)
-
t

f

of oxygen, consumed during the rich half-cycle by produ
CO2, was much higher than available from the noble me
surface and the OSC surface. Moreover the oxygen st
during the lean cycle exceeded considerably the surfac
pacities. Since the overall balances appeared to be clo
there is a strong suggestion that the OSC is larger by
involvement of bulk oxygen in ceria/zirconia. Therefore
oxygen diffusion flux was incorporated in the model. App
ently the rate enhancement of CO oxidation by the prese
of water causes an early depletion of surface oxygen on
storage capacity during the rich half-cycle, as this oxyge
consumed via steps 9, 12, and 14. The surface oxygen
pletion creates oxygen vacancies. Since there is no gas
oxygen available to fill up these vacancies, diffusion of o
gen from bulk OSC to the surface takes place. This can
be represented as the diffusion of oxygen vacancies cre
at the oxide surface into the bulk of ceria. The opposite
curs during the lean half-cycle. Oxygen supply from the b
explains the ongoing CO2 production during the whole ric
half-cycle.

The flux of oxygen vacancies into the bulk of OSC is d
rived from the continuity equation for the oxygen vacan
fractionxb in bulk OSC, assuming semi-infinite slab geo
etry. This assumption allows a rather simple relation for
flux through the outer surface of the OSC to be settled. It
hold if only a few layers underneath the outer surface t
part in the process, which is the case when rich excurs
do not last too long. Under the above assumption, Fick’s
ond law for oxygen vacancy diffusion into the oxide is giv
by

(1)
∂xb

∂t
= D0

∂2xb

∂r2
,

whereD0 is the diffusivity of oxygen vacancies (m2 s−1),
r (m) is the distance from the surface, andxb is the fraction
of oxygen vacancies in the OSC bulk.

The initial condition at the start of the rich half-cycle
t = 0, xb = 0.

The boundary conditions are:

t > 0, r = 0 (at the surface), xb = xs,

t > 0, r = ∞ (semi-infinite bulk), xb = 0,

with xs the fraction of oxygen vacancies on the OSC surfa
The fluxφs through the interface surface is then given by

(2)φs = −NsρcatD0
∂xs

∂r

∣∣∣∣
r=0

,

with Ns the bulk concentration of vacancies (mol kg−1
cat) and

ρcat the catalyst density (kgcatm
−3
cat). Solving Eqs. (1) and (2

with the boundary conditions leads to [40]

(3)φs = Nsρcat
√

D0
1√
π

t∫
1√

t − τ

∂xs

∂t
dτ.
0
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The integral in Eq. (3) can be solved numerically to p
vide

φn
s = 2Nsρcat

√
D0

1√
π

(4)×
[

n−1∑
k=0

xk+1
s,x − xk

s,x

tk+1 − tk

(√
tn − tk

)
−

√
tn − tk+1

]
,

with φn
s the flux at timet at axial positionx of the reactor

(mol m−2 s−1). The flux is positive when oxygen vacanci
at the OSC surface diffuse into the bulk ceria, which me
that at the same time oxygen from the bulk diffuses to
surface.

Regression analysis of the experimental data in the p
ence of water was carried out with the CO oxidation mo
(Table 2), including the water-enhancement effect (Tabl
and the oxygen-diffusionflux [Eq. (4)]. The capacities of n
ble metal, oxygen storage, and support were kept at the
values as in the case of no water in the feed. The rea
outlet concentrations, predicted by the model, are prese
in Fig. 2A for CO and O2, and in Fig. 2B for CO2 along
with the experimental data. It is seen that there is a g
agreement between experimental and predicted values
obtained rate parameters are given in Table 3 for compa
with the case without water.

The results for the reversible reactions 11 and 12 are
ported as equilibrium coefficients, since simulations sho
that an increase of the forward and backward rate coeffic
with the same factor did not affect the model predictio
Apparently the rates of these steps are relatively large, w
could be explained from the large excess of water. This
suggests that the majority of oxygen from the gas phase
up in water, while water provides the oxygen for CO o
dation, as was observed by Campman [21] in his isoto
experiments.

It can be seen, when comparing columns 3 and 4 in
ble 3, that almost all rate coefficients have the same or ne
the same values for the steps noted in Table 2, as sh
be expected. A notable difference is the adsorption of o
gen on the storage component, which is a factor of 10 la
for ceria/zirconia, because the rate enhancement by w
causes a larger number of oxygen vacancies on the OSC
face.

The bulk diffusivity of oxygen vacancies was found
be 6× 10−14 m2 s−1, which is much larger than the initia
guess of 6× 10−22 m2 s−1, as taken from the work of Mar
tin and Duprez [35]. It should be noted, however, that
latter value was determined in the absence of water. It se
that water largely increases the mobility of oxygen in stor
components.

4.3. CO oxidation by O2 in the presence of H2O and CO2

The inhibiting effect of CO2 on the reaction may be ex
plained by the adsorption of CO2 on ceria, leading to th
formation of carboxylate and carbonate species. The a
e

e

s

r
r-

s

species can decrease the reaction rate of the bifunctiona
(C and D) by decreasing the ceria surface available for o
gen adsorption. This in turn decreases the concentratio
adsorbed oxygen on ceria and hinders the interface reac
i.e., step 9 and step 13.

Hence the elementary steps considered in this case a
same as in the presence of water only. The rate coeffic
and the capacities used to make model predictions are g
in Table 3. The only difference between the cases of w
only present and water and CO2 present is in the oxygen
storage capacity (Losc). The value ofLosc, when CO2 and
H2O are present, is higher than in the absence of water
CO2 and lower than in the presence of water only.

The predicted reactor outlet concentration for CO and2
is shown in Fig. 3. It is evident from Fig. 3 that there
a good agreement between the measured and the pre
data. As noted earlier, the high CO2 feed concentration use
in this case prohibits the successful measurement of2
transients at the reactor outlet and is not interpreted.

5. Conclusions

The applicability of the dynamic model developed
Nibbelke et al. [1] is investigated for a different automot
catalyst and is extended for CO oxidation by O2 in the pres-
ence of H2O and CO2. The study shows that this model c
be applied for simulating the transient behavior over o
three-way catalysts. Water enhances the rate of reaction
CO2 inhibits the rate of reaction as reported in the literatu
The effect of water is essentially a bifunctional reaction p
involving CO adsorbed on the noble metal and OH adso
on the OSC. The bulk diffusion of oxygen in ceria play
major role in the presence of water. The inhibition effec
CO2 is described by a lower amount of oxygen-storage s
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