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The oxidation of CO by O2 was studied for a Pt/γ -Al2O3 catalyst
and for a commercially available Pt/Rh/CeO2/γ -Al2O3 three-way
catalyst. Kinetic experiments were carried out in an isothermal
fixed-bed microreactor under intrinsic conditions, i.e., in the ab-
sence of mass and heat transfer limitations, in the temperature range
from 436 to 503 K, with CO and O2 inlet partial pressures between
0.12 and 8.3 kPa and H2O and CO2 inlet partial pressures between
0 and 10 kPa. For the Pt/γ -Al2O3 catalyst, the CO2 production rate
was found to be essentially proportional to the oxygen and inversely
proportional to the carbon monoxide partial pressures, although at
large CO and small O2 partial pressures deviations occur. A kinetic
model, based on elementary reaction steps, was constructed. It was
concluded that for the experimental conditions considered, the no-
ble metal surface is almost completely covered with CO, the CO
adsorption being in quasi-equilibrium, and that irreversible molec-
ular adsorption of oxygen is the rate-determining step, followed by
potentially instantaneous dissociation. The presence of steam was
found to enhance the reaction rate. For the experiments carried out
over Pt/Rh/CeO2/γ -Al2O3 in the presence 10 kPa H2O and 10 kPa
CO2, it was found that the CO2 production rate becomes zero order
in CO at high CO partial pressures. The partial reaction order in O2

is approximately 0.5. The experimental observations were explained
by the existence of a second bifunctional reaction path next to the
reaction path catalyzed by the noble metal only. The bifunctional
reaction path involves a reaction between CO adsorbed on the noble
metal and oxygen from ceria at the noble metal/ceria interface. The
experiments could be described adequately over the investigated
range of conditions by a kinetic model incorporating the mono-
and bifunctional reaction paths. For the quantification and under-
standing of the changes in the partial reaction orders in CO and O2

as a function of the experimental conditions, a kinetic model based
on elementary reaction steps is necessary. c© 1997 Academic Press
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INTRODUCTION

Automotive exhaust catalysis for vehicles powered by
Otto engines is aimed at the simultaneous treatment of
three types of pollutants, i.e., carbon monoxide, hydrocar-
bons, and nitrogen oxides. For this purpose the so-called
three-way catalyst was developed. Further improvements
in the conversion of the pollutants are needed in order to
meet the more stringent future standards. For that purpose,
a full understanding of both the chemical and the physi-
cal aspects is necessary. Especially, there is an urgent need
for realistic kinetic models based on reliable experimental
data. In the present paper kinetic models based on elemen-
tary reaction steps are developed for the CO oxidation by
O2 in the presence of CO2 and H2O, the latter constituting
a significant fraction of automotive exhaust.

The oxidation of CO by O2 over group VIII metals
has been studied extensively during the past decades.
There seems to be general consensus on most of the el-
ementary steps constituting the reaction mechanism. CO
chemisorption on noble metals is generally considered to
proceed molecularly via a precursor state (1); its adsorp-
tion and desorption kinetics have been addressed in de-
tail (2–9). Oxygen adsorption was found to proceed dis-
sociatively at temperatures above 100 K (5, 10), however,
molecularly adsorbed oxygen is often included in reac-
tion mechanisms (11, 12). This is substantiated physically
by assuming that molecular chemisorption of oxygen is
followed by potentially faster dissociation (8). Significant
associative desorption of oxygen adatoms has not been
observed at temperatures lower than 700 K (5, 10). The
CO2 formation step is still debated: it is thought to pro-
ceed via a Langmuir–Hinshelwood-type surface reaction
or through an Eley–Rideal reaction between either disso-
ciatively chemisorbed oxygen and gas phase CO or, con-
versely, molecularly chemisorbed CO and gas phase O2.
Before 1970 the Eley–Rideal mechanism predominated in
the literature. Publications by Bonzel and Ku (13), Pacia
et al. (14), and Golchet and White (15), in which the ob-
servations were explained by both Langmuir–Hinshelwood
8
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and Eley–Rideal steps, changed this predilection. Since the
work of Engel and Ertl (3, 4) and Campbell et al. (16) the
Langmuir–Hinshelwood mechanism prevails in the litera-
ture. Under atmospheric conditions, however, no conclu-
sive evidence has yet been published that rules out the
Eley–Rideal reaction step. CO oxidation by O2 was found
to proceed essentially via the same elementary steps over
supported catalysts at atmospheric pressure as over single
crystals under high-vacuum conditions (5, 17, 18). This re-
sult suggests that kinetic parameters for CO oxidation by
O2 obtained under high-vacuum conditions may be used as
initial parameter estimates for modelling kinetic rate data
obtained at atmospheric pressure. Studies conducted at at-
mospheric pressure are a minority in the vast number of
publications regarding CO oxidation. Berlowitz et al. (19)
and Cant et al. (12) described the kinetics using empirical
rate equations while Voltz et al. (20) modeled the kinetics
of CO oxidation in the presence of NO and C3H6 using em-
pirical reaction rate equations with adsorption terms, but
without taking into account the reaction between CO and
NO. Herz and Marin (7) proposed a model using modified
Langmuir–Hinshelwood mechanisms. Without kinetic pa-
rameter optimization the rate data measured by Schlatter
and Chou (21) were simulated qualitatively. Subramaniam
and Varma (22) performed a kinetic study using CO, NO,
O2, and H2O. By kinetic parameter optimization a kinetic
model was fitted to their data; however, this model was not
based on elementary reaction steps. Montreuil et al. (23)
carried out an extensive kinetic study using a full synthetic
automotive exhaust and commercially available three-way
catalysts, covering a wide range of reactant partial pres-
sures at temperatures ranging from 640 to 900 K. The latter
model, however, is not based on elementary steps either.

Nowadays, commercial three-way catalysts usually con-
tain a certain amount of cerium oxide. Cerium oxide has
been proved to improve the thermal stability of the support,
increase the noble metal dispersion, and act as oxygen stor-
age under oscillating conditions (24). The latter means that
ceria stores oxygen under oxygen-rich conditions, and sub-
sequently releases the stored oxygen under reducing con-
ditions. Moreover, cerium oxide is known to influence the
kinetics of reactions, e.g. the watergas-shift reaction and
the CO oxidation. For Rh/ceria catalysts, a second reaction
path for the oxidation of CO by O2 involving both ceria and
rhodium was suggested under reducing conditions, next to
the reaction path catalyzed by the noble metal only (25, 26).
This second reaction path consists of a reaction between CO
adsorbed on Rh and oxygen from ceria, resulting in the ex-
perimentally observed zero partial reaction order in CO at
high CO/O2 ratios. The same conclusion was reached on the
basis of temperature programmed desorption, TPD, studies
(27, 28).
In the present paper, the CO oxidation by O2 over Pt/
γ -Al2O3 and Pt/Rh/CeO2/γ -Al2O3 is studied. As the largest
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CO emission occurs during the so-called cold-start period,
the study is carried out at temperatures below light-off of
the converter. First, a kinetic model for the CO oxidation
by O2 over Pt/γ -Al2O3 is constructed. Next, the influence
of steam on the CO oxidation over the latter catalyst is
investigated. Based on the kinetic model for the “model
catalyst” Pt/γ -Al2O3, a kinetic model is subsequently con-
structed for the CO oxidation over a commercially available
Pt/Rh/CeO2/γ -Al2O3 three-way catalyst in the presence of
steam and carbon dioxide.

EXPERIMENTAL

Experimental Setup

The experimental setup consists of a feed, a reactor, and
an on-line gas analysis section (29).

Feed section. The feed section consists of a gas blending
manifold including a series of thermal gas massflow con-
trollers and a HPLC pump to feed water to an evaporator
located downstream of the flow controllers. Upstream of
the flow controllers each gas supply line is secured by an
electromagnetic valve. Downstream of the flow controllers
the gases pass through a one-way valve prior to mixing. In
order to prevent water condensation all lines and devices
downstream of the water evaporators are heated to 373 K.
The water evaporators are heated by a cylindrical oven. By
heating the evaporator to 363 K a steady steam flow could
be established. Water is pumped through an ejector into
the evaporator. The downstream halves of the evaporators
are filled with glass beads in order to prevent occasional
drops of water from directly entering the reactor section.
The upstream half does not contain beads so as to allow jet
development from the nozzle. After passing through a valve
arrangement the feed stream enters the reactor section.

Reactor section. The reactor section consists of a tubu-
lar preheater and a reactor which is contained in a cylin-
drical oven. The reactor employed is a stainless steel lab-
oratory reactor containing the catalyst bed. The catalyst
bed, retained by a sintered quartz plate, is diluted with non-
porous α-Al2O3 pellets of the same average diameter as the
catalyst pellets in order to minimize temperature gradients
in the reactor. A typical catalyst bed contained 0.2 g cata-
lyst and 1.8 g diluent for the experiments with Pt/γ -Al2O3

and 0.5 g catalyst and 1.6 g diluent for the experiments
with Pt/Rh/CeO2/γ -Al2O3. The length of the catalyst bed
is 10 mm and its diameter is 13 mm. The reactor inlet and
outlet are filled with α-Al2O3 beads, 1 mm in diameter, in
order to maintain an isothermal catalyst bed and to enhance
radial mixing of the inlet stream. The reactor is heated by
two infrared radiators placed in line with the reactor, each
at 85 mm from the reactor wall, and reactor and radiators

are surrounded by a polished stainless steel canister with
an inner diameter of 250 mm. Reactor pressure is manually
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controlled by a spring loaded back pressure controller and
measured downstream of the reactor. Methane, serving as
an internal standard component for chemical analysis, is
added to the reactor effluent directly downstream of the
reactor. Subsequently, a fraction of the effluent, typically
150 ml/min, is directed to the gas analysis section. The re-
maining stream is passed through a water-cooled counter-
current steam condenser before being discharged to the
exhaust line.

Gas analysis section. The on-line gas analysis section
contains a gas chromatograph (Carlo Erba Instruments GC
8340) and a quadrupole mass spectrometer (VG Sensor-
lab 200D). The gas chromatographic analysis has been de-
signed to enable on-line quantitative analysis of H2, N2, CO,
NO, O2, CO2, and N2O without interference of methane or
steam. Separation of these components can be achieved
using a Porapak R column using helium as carrier gas, in
combination with a 500 µl sample loop. Separation of CO
and O2 requires a temperature as low as 245 K, using liquid
carbon dioxide as a coolant. Water is separated by passing
the sample stream through a Hayesep Q column at 343 K.
Once the dried fraction of the sample has been passed to
the Porapak column, the Hayesep column is purged with
helium in a countercurrent way by an auxiliary stream of
carrier gas in order to prevent breakthrough of water after
successive runs. Downstream of the Porapak Q column the
sample is analyzed by a thermal conductivity detector. In
the present study, the quadrupole mass spectrometer was
only used to verify stable water flow rate during the steady
state experiments.

Catalysts

The catalysts used are Pt/γ -Al2O3 and Pt/Rh/CeO2/
γ -Al2O3. Catalyst samples were supplied in powder form
by Degussa A.G. with an average powder diameter of
12 µm. The powder was pressed mechanically into pel-
lets over 1 min with a pressure of 1 GPa. Subsequently,
the pellets were crushed and sieved to obtain the de-
sired fraction, which was 0.25< dp< 0.30 mm for Pt/
γ -Al2O3 and 0.15< dp< 0.21 mm for Pt/Rh/CeO2/γ -Al2O3.
The desired particle size was chosen such that, on the one
hand, a significant pressure drop over the catalyst bed was
avoided and, on the other hand, significant internal con-
centration and temperature gradients could be neglected.
The specific concentration of surface noble metal atoms,
LNM [mols kg−1

CAT], was determined by CO chemisorption
(Micromeretics ASAP) at 308 K. Prior to the chemisorp-
tion, the samples were pretreated in situ, similar to the sam-
ples used for the kinetic experiments. It was verified that
at 308 K, no significant CO chemisorption occurred on the
support. For the calculation of LNM, 1 CO molecule per

Pt and 2 per Rh surface atoms were assumed. The catalyst
properties are summarized in Table 1.
E ET AL.

TABLE 1

Properties of the Investigated Catalysts

Catalyst Pt/γ -Al2O3 Pt/Rh/CeO2/γ -Al2O3

αs (m2 kg−1
CAT) 225× 103 125× 103

dp (mp) 0.25–0.30× 10−3 0.15–0.21× 10−3

ρp (kgCAT m−3
p ) 1230 2280

εp (m3
gas m−3

p ) 0.67 0.67

LNM (10−3 mols kg−1
CAT) 8.0 1.4, 13.0a

wPt (kg kg−1
CAT) 3.98× 10−3 3.98× 10−3

wRh (kg kg−1
CAT) — 7.98× 10−4

wCeO2 (kg kg−1
CAT) — 2.8× 10−1

Note. αs is the specific surface area, dp the pellet diameter, ρp the pellet
density, εp the pellet porosity, LNM the specific concentration of surface
noble metal atoms, and wi the loading of component i.

a The first value is LNM after and the second value is before ex situ
pretreatment at 1173 K in air.

Catalyst Pretreatment

Prior to the experiments, the catalysts were pretreated
in order to obtain reproducible kinetic data. For the Pt/
γ -Al2O3 catalyst the pretreatment was as follows. The cata-
lyst was heated to 773 K in a flow of 1.7× 10−3 mol s−1

He. Then the catalyst was oxidized for 4 ks by a stream of
7.0× 10−4 mol s−1 containing 27.5 kPa O2 in He. Next, the
catalyst was kept under a flow of 1.7× 10−3 mol s−1 He at
773 K for 2 ks in order to purge reversibly adsorbed oxygen,
followed by reduction in a stream of 8.84× 10−4 mol s−1

containing 5.5 kPa H2 in He at 773 K for 8 ks. Finally, the
catalyst was allowed to cool down to reaction temperature
under a He stream of 1.7× 10−3 mol s−1.

To simulate thermal aging, the Pt/Rh/CeO2/γ -Al2O3

catalyst was first oxidized ex situ in stagnant air at 1173 K
for 32 h, followed by the in situ pretreatment as de-
scribed for Pt/γ -Al2O3 above. Next, the catalyst was al-
lowed to cool down to reaction temperature under a flow
of 8.15× 10−4 mol s−1 containing 10 kPa H2O and 10 kPa
CO2 in He.

Line-Out Procedure

For the Pt/γ -Al2O3 catalyst, it was found that the catalyst
exhibited a higher initial activity after daily startup as com-
pared to the activity measured after a few hours on stream.
Therefore an in situ line-out procedure prior to the kinetic
experiments was developed. The line-out procedure con-
sisted of maintaining the following conditions for 3 h after
startup:

pTOT = 110 kPa, p0
CO = p0

O2
= 2.2 kPa, T = 473 K,

and
WCAT

F0
CO
= 15.5 kgCAT s mol−1,

0
where pTOT is the total pressure [kPa], pi the inlet partial
pressure of component i [kPa], T the temperature [K], WCAT
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the catalyst mass [kgCAT], and F0
CO the inlet molar flow rate

of CO [mol s−1]. For the experiments carried out over Pt/
γ -Al2O3 in the presence of steam, p0

H2O was set equal to
10 kPa and T equal to 483 K during the line-out. For a new
batch of catalyst, the latter conditions had to be maintained
for 15 h to reach a constant activity. After this initial line-
out, a line-out of 1 h prior to the kinetic experiments was
sufficient to reach stable activity. The reproducibility of the
experiments was ensured by comparing the oxidation rate
after the line-out procedure to that measured after a previ-
ous line-out.

For the Pt/Rh/CeO2/γ -Al2O3 catalyst, the activity de-
creases monotonically as a function of time on stream. After
20 h on stream, the activity of the catalyst is only 30% of
the initial activity. During the next 10 h the decrease is 10%
or smaller, dependent on the temperature applied. There-
fore, all experimental data were obtained within the lat-
ter period. This means that each new batch of catalyst was
lined-out for 20 h after it was pretreated as described in
the corresponding section. Next, experiments were carried
out during a maximum period of 10 h. The line-out proce-
dure consisted of maintaining a flow of 7.5× 10−4 mol s−1

containing 10 kPa H2O and 10 kPa CO2 in He for 20 h at
reaction temperature. If 0.80 kPa CO and 0.40 kPa O2 also
are fed during the line-out procedure, in order to monitor
the catalyst activity, the decrease of the catalyst activity due
to line-out is the same as that in the absence of CO and O2.
The decrease in activity is ascribed to irreversible deacti-
vation. It seems unlikely that for the mild reaction condi-
tions applied, sintering of noble metal or ceria can account
for a 70% decrease of catalyst activity. A better explana-
tion could be the formation of carbonate species on the
ceria surface. Next to irreversible deactivation, the kinetic
experiments with Pt/Rh/CeO2/γ -Al2O3 are complicated by
the fact that the activity measured for a given experimental
condition depends on the recent history of the catalyst, i.e.
the measured activity depends on the conditions applied
prior to the experiment. Chemical changes of the catalyst,
such as oxidation and reduction of ceria or of rhodium and
the appearance and disappearance of crystal surfaces, are
thought to be responsible for the latter observation. The
importance of the dependence of the catalyst structure and
composition on the experimental conditions was reported
previously for automotive exhaust catalysts (30) and is re-
ferred to in the present paper as extrinsic relaxation. In
order to obtain reproducible experimental data, a so-called
standard condition was applied in between two subsequent
experiments. The conditions corresponding to a given ex-
periment were imposed for a period of only 10 min. Next,
the standard condition was imposed for at least 30 min.
In such a way catalyst changes due to extrinsic relaxation
were avoided and changes in catalyst activity as compared

to the activity at the standard condition were the result of
the kinetics only. Indeed, following the above procedure,
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reproducible kinetic data could be obtained. The standard
condition used for the experiments discussed in the present
paper is as follows: p0

CO= 0.80 kPa, p0
O2
= 0.40 kPa, p0

H2O =
p0

CO2
= 10 kPa, T = 436 K, and pTOT= 110 kPa. In all ex-

periments, helium is used as a balance.

DATA EVALUATION

In the GC analysis, application of an internal standard,
i.e., CH4, allows quantification of the flow rates of the com-
ponents in the product gas stream by relating the peak sur-
face areas to the flow rate of the internal standard. For the
Pt/γ -Al2O3 catalyst, the fractional conversions of CO and
O2 were calculated according to the normalization method,
i.e., assuming 100% element balances. This allows calcula-
tion of the conversions from the outlet composition only.
For each experiment it was assured that both the C- and
O-balances were between 95 and 105%. For experiments
carried out in the presence of steam, the O-balance and
the fractional O2 conversion were calculated assuming no
net disappearance of H2O. As nearly all experiments with
Pt/Rh/CeO2/γ -Al2O3 were carried out in the presence of
H2O and CO2, conversions could only be calculated with
the direct method, i.e. as the difference between the inlet
and outlet flow rates divided by the inlet flow rate. Accurate
measurements then could be guaranteed only if either the
fractional CO or the O2 conversion was larger than 0.10.

All experiments carried out with Pt/γ -Al2O3 were car-
ried out differentially, i.e. the reaction rate can be regarded
constant through the catalyst bed. Differential operating
conditions could be assumed for fractional CO conversions
smaller than 0.10. The net production rates then can be
calculated directly from the measured conversions as

Rw,i = − Xi FTOT p0
i

WCAT pTOT
, [1]

where Rw,i is the production rate of component i [mol kg−1
CAT

s−1]; Xi the fractional conversion of component i, defined as
Xi = (p0

i − p1
i )/p0

i ; p1
i is the partial pressures of component

i at the reactor outlet [kPa]; and FTOT is the total molar flow
rate [mol s−1].

In general, the experiments carried out with Pt/Rh/
CeO2/γ -Al2O3 are integral experiments, i.e. the influence
of the changing gas composition along the reactor axis on
the reaction rate cannot be neglected. To facilitate the quali-
tative interpretation of the results, however, the mean CO2

production rates, also called space-time yields, were also
calculated according to Eq. [1].

In order to measure intrinsic kinetics, the absence of sig-
nificant internal and external concentration and tempera-
ture gradients on the scale of the catalyst particle was veri-
fied. On bed scale, it was confirmed that pressure drop over

the catalyst bed and axial and radial temperature gradients
could be neglected (29, 54). A typical value of the particle
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based Reynolds number is 1. For all integral experiments,
plug flow can be assumed and any effects of the dilution of
the catalyst bed with inert α-Al2O3 on the measured con-
version can be neglected.

MODELING

The degrees of surface coverage of the considered surface
species were calculated from the corresponding continuity
equations, which in the steady state can be represented as

N∑
j=1

νi, j rw, j = 0, [2]

where j is the number of the reaction step, N the total num-
ber of reaction steps considered, νi,j the stoichiometric co-
efficient of surface species i in reaction step j, and rw,j the
reaction rate of reaction step j [mol kg−1

CAT s−1]. The reaction
rates of the elementary reaction steps are calculated via the
law of mass action and under the Langmuir assumptions of
identical active sites, absence of interactions between ad-
sorbates, and confinement of adsorption to a monolayer.
Equation [2] forms a set of algebraic equations with the de-
grees of surface coverage of the considered surface species
as only unknowns for a given gas phase composition, pres-
sure, and temperature. For the kinetic models discussed in
the present paper, this set of algebraic equations could be
solved analytically, either by hand or by Maple V (31). Sub-
sequently, the CO2 production rate can be calculated from
the degrees of surface coverage. For the experiments car-
ried out with Pt/γ -Al2O3, the calculated CO2 production
rate can be compared directly to the experimental value.

For the integral experiments carried out with Pt/Rh/
CeO2/γ -Al2O3, a reactor model must be considered in com-
bination with a kinetic model. Since the fixed-bed reactor
can be regarded as an ideal plug flow reactor, the fractional
CO conversion can be calculated by integration of the or-
dinary differential equation,

d XCO

dz
= −WCAT pTOT

FTOT p0
CO

Rw,CO, [3]

where z is the dimensionless reactor length, defined as
the cumulative catalyst mass divided by the total catalyst
mass. The initial condition corresponding to Eq. [3] is that
XCO= 0 for z= 0. Equation [3] was integrated using a back-
ward differentiation formula, BDF, integrator from the
NAG Fortran library (32), routine D02NHF.

REGRESSION ANALYSIS

Estimation of the kinetic parameters was performed by
minimization of the objective function

n∑

S(b) =

i=1

[yi − g(xi , b)]2 → minimum, [4]
ET AL.

where S is the objective function; b the parameter vec-
tor; yi the ith experimental observation, which is the CO2

production rate for the experiments with Pt/γ -Al2O3 and
the fractional CO conversion for the experiments with
Pt/Rh/CeO2/γ -Al2O3; g(xi, b) the corresponding value cal-
culated by the model; xi the vector of set variables for ex-
periment i; and n the number of experiments. The objec-
tive function is based upon the assumption that the exper-
imental errors are normally distributed with a zero mean.
The minimization of the objective function was achieved
with a single-response Levenberg–Marquardt algorithm
(33, 34).

The parameter estimates were tested for statistical sig-
nificance on the basis of their individual t-values. If not all
parameters could be estimated in a statistically significant
way, the model was simplified in order to obtain statistically
significant parameter estimates only. The statistical signif-
icance of the global regression was expressed by means of
the so-called F-test, which is based on the comparison of
the sum of squares of the calculated response values and
the residual sum of squares. A high F-value corresponds
to a high significance of the global regression. Discrim-
ination among rival models was based on this statistical
testing, whenever it was not possibly by direct observation
or by physico-chemical laws. In order to avoid strong bi-
nary correlation between the Arrhenius parameters, the
Arrhenius equations were reparametrized according to
Kitrell (35).

EXPERIMENTAL RESULTS

CO Oxidation over Pt/γ -Al2O3

The range of experimental conditions covered is listed in
Table 2. The range includes reactant partial pressures and
temperatures encountered in realistic automotive exhaust
catalysis during the cold-start period.

The CO2 production rate decreases monotonically at in-
creasing CO partial pressure, indicating that the reaction is
inhibited by CO. Even at pCO/pO2 |0 as low as 0.01, the reac-
tion rate decreased with increasing CO partial pressure. An

TABLE 2

Range of Experimental Conditions during the CO Oxidation over
Pt/γ -Al2O3 in the Absence and in the Presence of Steam. Helium Is
Used as a Balance

Absence of steam Presence of steam

pTOT (kPa) 110 110
p0

CO (kPa) 0.22–8.3 0.88–4.4
p0

O2
(kPa) 0.37–8.3 0.44–4.4

pCO/pO2 |0 0.1–3 0.33–7.7
p0

H2O (kPa) 0 0–10

T (K) 463–503 463–503
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FIG. 1. CO2 production rate vs pCO over Pt/γ -Al2O3 at T= 483 K.
(¤) pO2 = 1.1 kPa; (+) pO2 = 2.2 kPa; (d) pO2 = 3.3 kPa. Markers rep-
resent the experiments. Solid lines are calculated with Eq. [13] and the
parameter values are given in Table 5.

example of the CO2 production rate versus the CO partial
pressure is shown in Fig. 1.

The CO2 production rate is proportional to the O2 partial
pressure, except at small oxygen partial pressures, where a
smaller order in O2 is observed. An example of the CO2

production rate versus the O2 partial pressure is shown in
Fig. 2.

For the experimental conditions under consideration,
the CO2 partial pressure does not significantly affect the
CO2 production rate, which is in agreement with results
published by Conrad et al. (36), Campbell et al. (16), and
Solymosi (37). Indeed, the variety of elementary steps pro-
posed for the noble metal catalyzed oxidation of CO do not
include CO2 interaction with the noble metal.

Figure 3 shows the effect of the steam partial pressure on
the CO2 production rate for fixed CO and O2 partial pres-

FIG. 2. CO2 production rate vs pO2 over Pt/γ -Al2O3 at T= 483 K. (¤)
pCO= 1.1 kPa; (+) pCO= 2.2 kPa; (d) pCO= 3.3 kPa. Markers represent

the experiments. Solid lines are calculated with Eq. [13] and the parameter
values are given in Table 5.
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FIG. 3. CO2 production rate vs pH2O over Pt/γ -Al2O3. pCO= 0.88 kPa,
pO2 = 2.2 kPa, T= 483 K. Note the datapoint at pH2O= 0 kPa. The dashed
line is only shown to guide the eye.

sures. The presence of steam enhances the CO2 production
rate, the effect being most pronounced at low steam par-
tial pressures. At steam partial pressures larger than 1 kPa,
the partial reaction order in H2O becomes zero. Because
of the low reaction temperatures, the CO conversion due to
the watergas-shift reaction can be expected to be negligible
(38, 55). Indeed, at the temperatures applied no CO2 pro-
duction was found in the absence of O2, although the latter
does not rule out the absence of the watergas-shift reaction
completely as the catalyst structure may be different in the
absence as compared to in the presence of oxygen. Figure 4
shows the CO2 production rate as a function of the CO par-
tial pressure in both the absence and the presence of steam.
The partial reaction order in CO is not altered by the pres-
ence of steam. The same holds for the dependence of the
CO2 production rate on the O2 partial pressure. At higher

FIG. 4. CO2 production rate vs pCO over Pt/γ -Al2O3 for pH2O= 0 kPa

(d) and pH2O= 10 kPa (¥). pO2 = 2.2 kPa, T= 483 K. Dashed lines are
only shown to guide the eye.
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TABLE 3

Range of Experimental Conditions during
the CO Oxidation over Pt/Rh/CeO2/γ -Al2O3 in
the Presence of Steam and Carbon Dioxide. He-
lium Is Used as a Balance

pTOT (kPa) 110
p0

CO (kPa) 0.12–4.0
p0

O2
(kPa) 0.12–2.5

pCO/pO2 |0 0.13–16
p0

H2O (kPa) 10
p0

CO2
(kPa) 10

T (K) 436

temperatures, the rate enhancement due to the presence of
steam decreases.

CO Oxidation over Pt/Rh/CeO2/γ -Al2O3 in the Presence
of Steam and Carbon Dioxide

The range of experimental conditions covered is listed in
Table 3. The experiments were carried out at a lower tem-
perature as compared to the experiments carried out with
Pt/γ -Al2O3 because of the difficulty of measuring intrinsic
kinetics with the more active Pt/Rh/CeO2/γ -Al2O3 catalyst
at higher temperatures.

Most experiments were carried out at constant inlet par-
tial pressures of H2O and CO2 equal to 10 kPa to simu-
late a more realistic automotive exhaust. In Fig. 5a, the CO
conversion versus the CO inlet partial pressure is shown.
To facilitate the interpretation of the data, in Fig. 5b the
same data are depicted as the space-time yield, calculated
from Eq. [1], versus the CO inlet partial pressure. As the
measurements are integral, the exact partial reaction order
cannot be calculated. The partial reaction order in CO is
negative for low pCO, although less negative as compared to
Pt/γ -Al2O3, i.e., approximately−0.3 instead of−1. At large
values of pCO the partial reaction order becomes zero. The
latter observation is in accordance with previous studies car-
ried out with Rh/CeO2 (25, 26, 39), Pt/CeO2, and Pd/CeO2

catalysts (40), and can be explained by the existence of a
second, bifunctional, reaction path next to the reaction path
catalyzed by the noble metal only. This bifunctional reac-
tion path involves a reaction between CO adsorbed on the
noble metal surface and oxygen from ceria, as was already
discussed in the Introduction.

In Fig. 6a, the CO conversion versus the O2 inlet par-
tial pressure is shown. In Fig. 6b, the same data are again
depicted as the space-time yield versus the O2 inlet partial
pressure. The partial reaction order in O2 is smaller than for
the Pt/γ -Al2O3 catalyst, i.e., approximately 0.5 instead of 1.
The decrease of the reaction order in O2 is in agreement
with previous studies (25, 40) and can also be explained by

the existence of a bifunctional reaction path, as will become
clear during the discussion of the modeling results.
ET AL.

Because of the low reaction temperature, i.e., 436 K, the
contribution of the watergas-shift reaction to the conver-
sion of CO can be expected to be negligible, as was also the
case for the experiments over Pt/γ -Al2O3 in the presence
of steam. Indeed, experiments carried out in the absence of
oxygen showed significant CO2 production rates, as com-
pared to the experiments in the presence of oxygen, at tem-
peratures above 500 K only. Because a standard condition
is applied in between two subsequent experiments, it can be
expected that the catalyst structure for the experiments in
the absence as compared to that in the presence of oxygen
is the same.

In Fig. 7, the influence of the steam and carbon diox-
ide partial pressures on the CO conversion is shown. The
presence of steam enhances the CO2 production rate, as
was also the case for the Pt/γ -Al2O3 catalyst. In contrast to

FIG. 5. (a) CO conversion and (b) space-time yield vs CO inlet
partial pressure over Pt/Rh/CeO2/γ -Al2O3 at 436 K for p0

H2O= p0
CO2
=

10 kPa. (s) p0
O2
= 0.25 kPa, WCAT’= 0.4375 g, FTOT= 3.0 mmol s−1;

(m) p0
O2
= 0.70 kPa, WCAT= 0.5046 g, FTOT= 5.5 mmol s−1; (+) p0

O2
=

1.0 kPa, WCAT= 0.4311 g, FTOT= 5.0 mmol s−1; (n) p0
O2
= 1.5 kPa, WCAT=

0.4375 g, FTOT= 6.0 mmol s−1; (+) p0
O2
= 2.1 kPa, WCAT= 0.2989 g, FTOT=

7.0 mmol s−1. Markers represent the experiments. The solid lines in (a)
were calculated with the parameter values given in Table 7 by integration

of Eq. [3] with Eq. [13] and Eq. [24] for the production rates. The dashed
line in (b) is only shown to guide the eye.
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FIG. 6. (a) CO conversion and (b) space-time yield vs O2 inlet par-
tial pressure over Pt/Rh/CeO2/γ -Al2O3 at T= 436 K for p0

H2O= p0
CO2
=

10 kPa. (,) p0
CO= 0.12 kPa, WCAT= 0.6123 g, FTOT= 7.2 mmol s−1; (r)

p0
CO= 0.15 kPa, WCAT= 0.6123 g, FTOT= 5.0 mmol s−1; (d) p0

CO= 0.20 kPa,
WCAT= 0.6590 g, FTOT= 7.2 mmol s−1; (s) p0

CO= 0.30 kPa, WCAT=
0.2989 g, FTOT= 7.0 mmol s−1; (m) p0

CO= 0.30 kPa, WCAT= 0.4311 g, FTOT=
5.0 mmol s−1; (.) p0

CO= 0.35 kPa, WCAT= 0.2989 g, FTOT= 6.0 mmol s−1;
(¤) p0

CO= 0.35 kPa, WCAT= 0.5046 g, FTOT= 5.5 mmol s−1; (+) p0
CO=

0.60 kPa, WCAT= 0.5046 g, FTOT= 3.0 mmol s−1. Markers represent the
experiments. The solid lines in (a) were calculated with the parameter val-
ues given in Table 7 by integration of Eq. [3] with Eq. [13] and Eq. [24]
for the production rates. The dashed line in (b) is only shown to guide the
eye.

Pt/γ -Al2O3, carbon dioxide inhibits the CO oxidation. For
the values of p0

H2O and p0
CO2

corresponding to Figs. 5 and 6,
i.e., 10 kPa, the dependence of the CO conversion on the
H2O and CO2 partial pressures is small. Therefore, H2O
and CO2 need not be considered explicitly in modeling the
CO oxidation over Pt/Rh/CeO2/γ -Al2O3 in the presence of
10 kPa steam and 10 kPa carbon dioxide.

MODELING RESULTS

CO Oxidation over Pt/γ -Al2O3

A kinetic model based on elementary steps was devel-

oped for the experiments carried out with Pt/γ -Al2O3 in
the absence of steam. The reaction paths considered and
HE CO OXIDATION 365

FIG. 7. CO conversion vs H2O (¤) and CO2 (d) inlet partial pressures
over Pt/Rh/CeO2/γ -Al2O3 at 436 K. (¤) p0

CO2
= 10 kPa, p0

CO= 0.15 kPa,
p0

O2
= 0.20 kPa; (d) p0

H2O= 10 kPa, p0
CO= 0.20 kPa, p0

O2
= 0.20 kPa.

Dashed lines are only shown to guide the eye.

the corresponding elementary steps are listed in Table 4,
where the stoichiometric numbers σ of the reactions ex-
press the number of times each reaction has to proceed
for the corresponding closed sequence to turn over once
(41). Each reaction path consists of a closed sequence of
elementary steps, the choice of elementary steps from the
variety of steps reported in literature being based on the
observed dependencies of Rw,CO2 on the conditions. Steps
(2-f), (2-b), and (3) have been adopted to allow for the direct
proportionality between the rate of oxygen adsorption and
the fraction of vacant active sites (17), despite the fact that
molecularly adsorbed oxygen has not been reported under

TABLE 4

Elementary Step Reaction Paths Considered in the Kinetic Mod-
eling of CO Oxidation by O2 over Pt/γ -Al2O3 in the Absence of
Steam. Each Reaction Path A to F Consists of {σ step 1, . . . , σ step 6}
Where σ step i Is the Stoichiometric Number for Step i

Reaction path

Elementary step A B C D E F Step number

σA σB σC σD σE σ F

CO+∗
k

f
1

À
kb

1

CO∗ 2 0 2 0 2 0 (1)

O2+∗
k

f
2→O∗2 1 1 1 1 0 0 (2-f)

O∗2
kb

2→O2+∗ 0 0 1 1 0 0 (2-b)

O∗2 +∗
k

f
3→ 2O∗ 1 1 1 1 0 0 (3)

O2 + 2∗
k

f
4→ 2O∗ 0 0 1 1 1 1 (4)

CO∗ +O∗
kLH−→CO2 + 2∗ 2 0 2 0 2 0 (5)

CO+O∗
kER−→CO2+∗ 0 2 0 2 0 2 (6)

+

2CO+O2 → 2CO2



E
366 NIBBELK

the experimental conditions (5). In step (4) the backward
reaction, associative desorption of oxygen, has been omit-
ted since no significant associative desorption of oxygen
has been reported for the process conditions applied in this
study. Except for the reaction steps describing molecular
chemisorption of O2 followed by its dissociation, these ele-
mentary steps are among the most frequently reported (4,
8, 16, 42–44). Based on the reaction paths A to F in Table 4,
six rate expressions can be derived. The rate coefficients
are defined such that the corresponding reaction rate is ob-
tained in the unit mol mol−1

s s−1, i.e., as a turnover frequency.
The latter must be multiplied by the specific concentration
of active sites LNM [mols kg−1

CAT], given in Table 1, to enable
comparison with the experimentally measured specific rates
in mol kg−1

CAT s−1.

Reaction Path A

In reaction path A from Table 4, oxygen adsorption is
thought to proceed in two steps in series, first the irre-
versible molecular chemisorption of O2 followed by the
dissociation of O∗2, steps (2-f) and (3) in Table 4. CO2 for-
mation takes place via a Langmuir–Hinshelwood surface
reaction. The continuity equations for the CO, O2, and O
surface species are respectively

k f
1 pCOθ∗ − kb

1θCO − kLHθCOθO = 0 [5]

k f
2 pO2θ∗ − k f

3 θO2θ∗ = 0 [6]

and
2k f

3 θO2 θ∗ − kLH θOθCO = 0, [7]

where θ i is the degree of surface coverage of component i,
defined as the amount of adsorbed species i divided by a
monolayer capacity, i.e., LNM [mol kg−1

CAT]. θ∗ is the fraction
of empty sites and follows from the site balance:

θCO + θO2 + θO + θ∗ = 1 [8]

If, subsequently, the solutions for θCO and θO are substituted
in the rate equation

Rw,CO2 = kLH LNM θCO θO, [9]
the fo
llowing rate expression is obtained:

2kb
1k f

2 LNM pO2

(
k f

1 kLHk f
3 pCO − k f

1 kLHk f
2 pCO pO2 − 2kb

1k f
3 k f

2 pO2 + 2k f 2
2 kLH p2

O2
− 2kLHk f

3 k f
2 pO2

)
This indicates that no discrimination between a Langmuir–
Hinshelwood step and an Eley–Rideal step can be made
Rw,CO2 =
kLHk f

3

(
k f

1 pCO + kb
1 −

Assuming CO adsorption equilibrium leads to

Rw,CO2 =
2k f

2 LNM pO2

(
kLHK1k f

3 pCO− 2k f
2 k f

3 pO2 − kLHK1k f
2 pCO pO2

)
f ,
kLHk3 K1 pCO(1+ K1 pCO)

[11]
ET AL.

where K1= k f
1 /kb

1 is the equilibrium coefficient of CO ad-
sorption.

If O2 chemisorption, step (2-f), is considered to be rate
determining, implying θO2¿ θO¿ θ∗, the rate expression
is simplified to

Rw,CO2 =
2k f

2 LNM pO2

1+ K1 pCO
. [12]

According to the formal definition of a rate-determining
step, it is required that all steps but the one denoted as rate
determining are at quasi-equilibrium, i.e. their affinity is
approximately zero. If more than one step has a nonzero
affinity, as is the case for reaction path A, this definition
cannot be strictly applied. However, Boudart and Tamaru
(45) provided the following operational definition for the
rate-determining step: for an irreversible catalytic cycle,
the rate-determining step is the only step whose forward
rate coefficient appears in the rate equation. For a reversible
catalytic cycle, the rate-determining step is the only step for
which both the forward and the backward rate coefficients
appear in the rate equation.

If it is assumed that CO∗ is the most abundant reaction
intermediate, i.e., θCOÀ θ∗, Eq. [12] reduces to

Rw,CO2 =
2k f

2 LNM

K1

pO2

pCO
. [13]

Reaction Path B

In path B oxygen chemisorption and dissociation pro-
ceed similarly to path A. The reaction takes place via the
Eley–Rideal step between adsorbed oxygen and gas-phase
CO, step (6) in Table 4. Note that adsorbed CO does not
take part in the formation of CO2, hence the establishment
of adsorption equilibrium for CO is evident. Assuming that
molecular chemisorption of oxygen is rate determining and,
additionally, that CO∗ is the most abundant reaction inter-
mediate leads to the same rate expressions that were found
for reaction path A, Eqs. [12] and [13]. This is obvious,
since paths A and B only differ as far as the surface reac-
tion step is concerned. By the simplifying assumptions the
surface reaction step is rendered kinetically insignificant.
2k f
2 pO2

)(
k f

1 pCO − 2k f
2 pO2

) . [10]

on the basis of the simplified models from reaction paths A
and B.

Reaction Paths C and D
Reaction paths C and D correspond to paths A and B,
respectively, the difference being that now desorption of
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molecularly chemisorbed oxygen is taken into account. In
the case of adsorption equilibrium for CO and O2, if disso-
ciation of O∗2, step (3) in Table 4, is considered to be rate
determining, and if CO∗ is assumed to be the most abun-
dant reaction intermediate, the following rate expression is
obtained for both reaction paths C and D:

Rw,CO2 =
2k f

3 K2LNM

K 2
1

pO2

p2
CO
. [14]

Again, to discrimination between a Langmuir–
Hinshelwood or an Eley–Rideal reaction is possible,
because the reaction step is not kinetically significant.

Reaction Paths E and F

Reaction paths E and F correspond to paths A and B,
respectively, the difference being that dissociative oxygen
adsorption is thought to proceed in one elementary step.
In the case of adsorption equilibrium for CO, if oxygen
adsorption is assumed to be rate determining, and if CO∗

is assumed to be the most abundant reaction intermediate,
the following rate expression is obtained for both reaction
paths E and F:

Rw,CO2 =
2k f

4 LNM

K 2
1

pO2

p2
CO
. [15]

The most important phenomenological difference be-
tween the simplified rate equations for reaction paths A
and B, Eq. [13], for reaction paths C and D, Eq. [14], and
for reaction paths E and F, Eq. [15], is that in Eq. [13] the
CO2 production rate is inversely proportional to pCO, while
in Eqs. [14] and [15] this rate is inversely proportional to
p2

CO.
The kinetic parameters appearing in the rate expressions

presented above may be estimated from collision theory
and transition state theory. The rate coefficients can be de-
scribed in an Arrhenius form as

ki = Ai exp
[−Ea,i

RT

]
, [16]

where Ai is the preexponential factor, Ea,i the activation
energy [J mol−1] of the rate coefficient ki, R the gas constant
[J mol−1 K−1], and T the temperature [K].

The equilibrium coefficients therefore can be expressed
as

Ki = Af
i

Ab
i

exp
[−1H 0

i

RT

]
, [17]

where 1H0
i is the standard reaction enthalpy of reaction i

[J mol−1].
Preexponential factors based on theoretical considera-
tions are often presented as ranges of feasible values. There-
fore they can only serve as initial parameter estimates
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for kinetic modeling purposes, rather than being accurate
predictions. From collision theory the rate coefficient of
chemisorption in units of mol mol−1

Pt Pa−1 s−1 is expressed as

kads = (2πM RT)1/2s0σ, [18]

where M is the molar mass of the chemisorbing species
[kg mol−1], s0 the sticking probability, and σ the atomic
surface area [m2 mol−1

Pt ]. The dependence of the sticking
probability s0 on temperature can be described by an
Arrhenius equation. Molecular chemisorptions of CO
and O2 have been reported to be essentially nonacti-
vated processes (Refs. (2, 4) and (13, 18), respectively).
For dissociative chemisorption, Herz and Marin (7)
assume a small negative activation energy amounting to
−4.2 kJ mol−1.

The main result of the regression analysis is that, under
the wide range of experimental conditions applied in this
study, the assumptions of CO adsorption equilibrium and
of CO∗ being the most abundant reaction intermediate are
valid. This means that all experiments in this study have
been carried out at CO coverages close to unity. Regression
using models without these assumptions did not result in
statistically significant parameter estimates. This indicates
that under conditions relevant to automotive catalysis at
temperatures below light-off, steady-state CO oxidation by
O2 over Pt/γ -Al2O3 can be described using fairly simple
algebraic rate expressions such as

Rw,CO2 = Aglobal exp
[−Eglobal

a

RT

]
LNM f (pCO, pO2), [19]

in which f (pCO, pO2 ) is described by Eq. [20] for reaction
paths A and B,

f (pCO, pO2) =
pO2

pCO
, [20]

and by Eq. [21] for reaction paths C, D, E, and F.

f (pCO, pO2) =
pO2

p2
CO
. [21]

In the parameters Aglobal and Eglobal
a in Eq. [19] the preex-

ponential factors and temperature dependencies of the in-
dividual processes are lumped, indicating that the physical
interpretation of these parameters depends on the model
considered. The F-values for Eqs. [20] and [21] are respec-
tively 1347 and 223, using 129 experiments for the regres-
sion analysis. Thus, considering the F-values, Eq. [20] de-
scribes the experimental results more adequately than does
Eq. [21]. Equation [20] corresponds to the rate equation
[13] for reaction paths A and B, where molecular adsorp-
tion of oxygen is considered rate determining, and CO∗ is

the most abundant reaction intermediate. The physical in-
terpretation of Aglobal and Eglobal

a according to Eq. [13] and
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TABLE 5

Physical Interpretation and Estimates of the Global Preexponen-
tial Factor and Activation Energy with Their 95% Confidence In-
tervals Obtained by Regression of the Experimental Data Obtained
in the Absence of Steam over Pt/γ -Al2O3 with Eq. [13]

Aglobal= 2k f
2

(
k

f
1

Ab
1

)−1

(s−1) (5.40 ± 0.35) 1011

Eglobal
a = −1HCO

ads + Ea,2-f (kJ mol−1) 112.1 ± 7.8

the estimated values with their 95% confidence intervals
are shown in Table 5. In Figs. 1 and 2 the CO2 production
rate as calculated by Eq. [13] with the estimated parameter
values given in Table 5 is shown together with the experi-
mental data. At large CO and at low O2 partial pressures
the model deviates from the experimental data. An expla-
nation for these model deviations is given in the section
“Discussion.”

CO Oxidation over Pt/Rh/CeO2/γ -Al2O3 in the Presence
of Steam and Carbon Dioxide

A kinetic model, based on elementary steps, was devel-
oped for the CO oxidation in the presence of 10 kPa steam
and carbon dioxide and T= 436 K. At low CO partial pres-
sures, the partial reaction order in CO is less negative as
compared to the Pt/γ -Al2O3 catalyst, and at high CO partial
pressures the order in CO becomes zero. Also, the partial
reaction order in O2 is smaller compared to that of the Pt/γ -
Al2O3 catalyst. Several explanations can be suggested for
these observations. It could be argued that the adsorption
properties of the noble metals are altered by the presence
of ceria due to electronic interactions. Several TPD and IR
studies reported in the literature, however, suggest that the
adsorption of CO on the noble metal is not changed by the
presence of ceria (25, 46). Moreover, as long as the noble
metal is mainly covered with CO, the partial reaction order
in CO will remain close to−1 and that in O2 close to 1. TPD
experiments with CO as reducing agent also show produc-
tion of CO2 at lower temperatures for catalysts containing
both noble metal and ceria as compared to pure ceria. The
latter was explained by suggesting reaction between CO ad-
sorbed on the noble metal and oxygen from ceria (26, 28).
This second reaction route for the oxidation of CO besides
the reaction route catalyzed by the noble metal can explain
the less negative order in CO, as compared to the CO oxida-
tion over Pt/γ -Al2O3, the zero order in CO at high pCO/pO2 ,
and the lower partial reaction order in O2. As this second
reaction path comprises both noble metal and ceria sites it
is referred to as a bifunctional reaction path. The pathway
for CO oxidation catalyzed by the noble metal only, on the
other hand, is referred to as a monofunctional reaction path.

The elementary reactions considered for describing the bi-
functional reaction path are presented in Table 6. No dis-
ET AL.

tinction was made between Pt and Rh as both display similar
CO oxidation kinetics (17, 19) and both are referred to by
the “∗” in Table 6, Although 10 kPa of H2O and CO2 were
fed during the experiments, their influence on the reaction
rate is not explicitly taken into account in the elementary
reaction steps. The latter is justified because at partial pres-
sures of 10 kPa a small change in the H2O or CO2 partial
pressure has no significant influence on the reaction rate,
as can be seen in Fig. 7. The kinetic model is therefore only
valid at 10 kPa of H2O and CO2. Reaction paths G, H, and I
only differ in the adsorption of oxygen on the ceria sites, de-
noted by “s.” The latter can be sites on top of the ceria lattice,
or, more likely, oxygen vacancies at the surface of the ceria
lattice.

Step (10) describes the reaction between CO adsorbed
on the noble metal surface and oxygen from ceria at the no-
ble metal/ceria interface. In the literature, oxygen spill-over
from ceria to the noble metal surface was also suggested
(27, 47). This cannot explain the zero-order in CO at high
pCO/pO2 as oxygen spillover requires an empty noble metal
site. Indeed, the rate expression derived by Mannila et al.
(47) for a mechanism involving oxygen spillover from ceria
to the noble metal surface, followed by a reaction on the no-
ble metal between adsorbed O and adsorbed CO, displays
a negative order in CO for large pCO.

For the mechanisms presented in Table 6, diffusion of
adsorbed CO on the noble metal and oxygen on the ce-
ria surface or through the ceria lattice toward the no-
ble metal/ceria interface is assumed to be potentially in-
stantaneous. The rate coefficients k f

7 , k
b
7 , k

f
8 , k

f
9 ,and k f

10 are

TABLE 6

Elementary Step Reaction Paths Considered for the Bifunctional
Reaction Path in the Kinetic Modeling of CO Oxidation by O2 over
Pt/Rh/CeO2/γ -Al2O3 in the Presence of H2O and CO2. Each Reac-
tion Path G to I Consists of {σ step 1, . . . , σ step 10}Where σ step i Is the
Stoichiometric Number for Step i

Reaction path

Elementary step G H I Step number

σG σH σ I

CO+∗
k

f
1

À
kb

1

CO∗ 2 2 2 (1)

O2 + 2s
k

f
7→ 2Os 1 1 0 (7-f)

2Os
kb

7→O2 + 2s 0 1 0 (7-b)

O2 + s
k

f
8→O2s 0 0 1 (8)

O2s+ s
k

f
9→ 2Os 0 0 1 (9)

CO∗ +Os
k

f
10→CO2+∗ + s 2 2 2 (10)
+
2CO+O2 → 2CO2
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TABLE 7

F-Values and Estimates of the Parameters with Their 95% Confidence Intervals Obtained by Regres-
sion of the Experimental Data Obtained in the Presence of 10 kPa of H2O and CO2 at T= 436 K over
Pt/Rh/CeO2/γ -Al2O3 with Eqs. [3], [25], and [13], and Eq. [22], [23], or [24]

Parameter corresponding to
Kinetic model F-Value 2k f

3

(
k

f
1

kb
1

)−1

/s−1 oxygen adsorption on ceria k f
10 (mol kg−1

CAT s−1)

Eq. [13] and Eq. [22] 3280 (3.86 ± 0.65) 10−1 k f
7 = (8.8 ± 3.3) 10−5 a (7.7 ± 1.0) 10−3

Eq. [13] and Eq. [23] 3424 (3.75 ± 0.68) 10−1 K7= (8.2 ± 5.8) 10−3 b (8.5 ± 1.5) 10−3

Eq. [13] and Eq. [24] 2940 (4.07 ± 0.67) 10−1 k f
8 = (4.85 ± 1.15) 10−5 a (6.3 ± 0.7) 10−3
a The unit used is mol kg−1
CAT Pa−1 s−1.
b The unit used is Pa−1.

defined such that the corresponding reaction rate is ob-
tained in the unit mol kg−1

CAT s−1. The capacity term(s)
concerning reactions involving ceria, e.g., the specific ceria
surface, are thus included in the rate coefficients and will
therefore not appear explicitly in the reaction rate expres-
sions. This was done because the capacity terms concerning
ceria are not known and are difficult to estimate. Remember
that the rate coefficients in Table 4 are defined such that the
reaction rate is obtained in the unit mol mol−1

s s−1 and the
specific concentration of active noble metal sites, LNM, ap-
pears explicitly in the corresponding rate equations. On the
basis of the results obtained with Pt/γ -Al2O3 described in
the previous section, the rate equations for reaction paths
G, H, and I were derived assuming that the noble metal
surface is completely covered with CO, i.e., θCO= 1.

Reaction Path G

In reaction path G the oxygen adsorption on the ceria is
assumed to proceed irreversibly and dissociatively in a sin-
gle reaction step. With the assumption that θCO= 1, the CO2

production rate of the bifunctional reaction path, Rbi
w,CO2

,
can be expressed as

Rbi
w,CO2

= k f
10

4k f
7 pO2 + k f

10 −
√

8k f
7 k f

10 pO2 +
(
k f

10

)2

4k f
7 pO2

 .
[22]

Reaction Path H

In reaction path H the oxygen adsorption on the ceria is
assumed to proceed reversibly and dissociatively in a single
reaction step. With the assumption that θCO= 1 and that
oxygen adsorption is in equilibrium, the CO2 production
rate of the bifunctional reaction path can be expressed as

f √

Rbi
w,CO2

= k10 K7 pO2√
K7 pO2 + 1

. [23]
Reaction Path I

In reaction path I the oxygen adsorption on the ceria is
assumed to proceed in two consecutive steps. In step (8),
oxygen adsorbs molecularly on a single site, followed by dis-
sociation in step (9). With the assumption that θCO= 1, and
that oxygen adsorption is potentially slow as compared to
its dissociation, the CO2 production rate of the bifunctional
reaction path can be expressed as follows:

Rbi
w,CO2

= 2k f
8 k f

10 pO2

2k f
8 pO2 + k f

10

. [24]

The total CO2 production rate is obtained by summarizing
the contributions of the monofunctional path, i.e., Eq. [13],
and the bifunctional path, i.e., one of the Eqs. [22]–[24]:

Rtot
w,CO2

= Rmono
w,CO2

+ Rbi
w,CO2

[25]

When using Eq. [22], [23], or [24] for the contribution
of the bifunctional path, statistically significant parame-
ter estimates are obtained. The estimates of the different
parameters with their 95% confidence limits are given in
Table 7. The number of experiments used for the regres-
sion is 51. Note that only the overall values at T= 436 K
can be estimated as all experiments were carried out at this
single temperature. From a statistical point of view, Eqs.
[22], [23], and [24] are equally suited for describing the ex-
periments, as the F-values, also shown in Table 7, do not dif-
fer significantly. In Figs. 5a and 6a the measured fractional
CO conversion can be compared to the one calculated with
the parameters in Table 7 by integration of Eq. [3] using
Eq. [13] for the monofunctional reaction path and Eq. [24]
for the bifunctional reaction path. The model calculations
using Eq. [22] or [23] instead of Eq. [24] are almost identical.

DISCUSSION

For the experimental data obtained with Pt/γ -Al2O3 in

the absence of steam, Eq. [13] was developed, which cor-
responds to reaction paths A or B of Table 4, under the
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assumptions that molecular adsorption of oxygen is rate
determining and CO∗ is the most abundant reaction inter-
mediate. This indicates that under the experimental condi-
tions molecular adsorption of oxygen rather than the com-
monly expected (17) direct dissociative chemisorption is
the rate-determining step. Another indication for molec-
ular adsorption of oxygen as the rate-determining step is
found if the physical significance of the kinetic parameters
is assessed. In the rate equation [13] the activation energy
consists of the standard CO adsorption enthalpy and the
activation energy for oxygen chemisorption. Since molecu-
lar chemisorption is essentially unactivated, the activation
energy approximately equals−1HCO

ads . The value estimated
using Eq. [13] is lower than −1HCO

ads on an empty Pt sur-
face, which is approximately 125 kJ mol−1 (7). However, a
surface coverage dependence is often included in CO des-
orption, i.e., ECO

a,des= ECO,0
a,des −αθCO (7, 17, 48). In the latter

equation, the factor α accounts for the repulsive interaction
of adsorbed CO molecules and amounts to 27.2 kJ mol−1

(7), which leads to an activation energy of desorption of
97 kJ mol−1 for θCO sufficiently close to unity. The value
of Eglobal

a estimated using Eq. [13] is in agreement with this
value. Discrimination between paths A and B, i.e., between
a Langmuir–Hinshelwood or Eley–Rideal reaction, is not
possible on the basis of the present data.

The experimental data obtained with Pt/Rh/CeO2/
γ -Al2O3 in the presence of 10 kPa H2O and CO2 can be
described adequately with the kinetic model consisting of
both a monofunctional reaction path, i.e., Eq. [13], and a
bifunctional reaction path, i.e., Eq. [22], [23], or [24]. Al-
though Eqs. [22], [23], and [24] are equally adequate from
a statistical point of view, Eq. [24] is preferred, because
molecularly adsorbed oxygen was demonstrated on ceria
surfaces (49–51). Sass et al. (49) and Tasarov et al. (50) pro-
posed a reaction between this molecularly adsorbed oxy-
gen with CO, resulting in the formation of CO2 and an ad-
sorbed oxygen atom. The reaction between CO and atomic
oxygen was proposed to be substantially faster than with
an adsorbed oxygen molecule. The accelerating effect of
steam on the reaction rate, as shown in Fig. 7, now may
be explained by an increased dissociation rate of molecu-
lar oxygen adsorbed on the ceria surface according to the
following two reaction steps:

H2O+Os+ sÀ 2OHs step (9a)

2OHs+O2s→ 3Os+H2O step (9b)

Note that step (9) of Table 6 is obtained by summarizing
step (9a) and (9b). Thus, the overall result of steps (9a)
and (9b) is the dissociation of molecular oxygen adsorbed
on ceria with no net consumption of H2O. At 10 kPa of
steam, the enhancement of step (9) by steam is apparently

such that step (9) can be assumed potentially instantaneous
as compared to step (8). Indications for the occurrence of
ET AL.

steps (9a) and (9b) were also found in experiments using
isotopes (29).

Equations [22]–[24] were derived under the assumption
that oxygen diffusion on the ceria surface or through the
ceria lattice towards the noble metal/ceria interface is po-
tentially instantaneous. In the Appendix, the rate equation
for reaction path I is derived for the case when oxygen diffu-
sion on the ceria surface is taken into account. In the limit
of potentially instantaneous surface diffusion, Eq. [24] is
obtained. In the limit of slow surface diffusion, Eq. [A6],
shown in the Appendix, is obtained. The latter equation is
equivalent to Eq. [23], only with a different interpretation
of the model parameters. As Eqs. [23] and [24] are equally
suited for describing the experiments, no distinction can be
made between the two limit cases, fast and slow surface dif-
fusion, on the basis of the experimental data. Also, it can
be expected that for intermediate values of the surface dif-
fusion coefficient the experiments can be described equally
adequate with Eq. [23] or Eq. [24]. Martin and Duprez (56)
determined oxygen surface diffusion coefficients for sev-
eral oxides. If the surface diffusion coefficient for Rh/CeO2

is extrapolated to 436 K, a value of 10−17 m2 s−1 is obtained.
For an estimated diffusion length L= 1 nm, a ceria surface
capacity LCeO2 = 0.1 mol kg−1

CAT, pO2 = 1 kPa, and the rate
coefficients estimated for Eq. [24], shown in Table 7, the full
rate Eq. [A5], shown in the Appendix, is close to the limit
of potentially instantaneous surface diffusion, i.e. Eq. [24].

The inhibiting effect of CO2 on the reaction rate, as also
shown in Fig. 7, may be explained by the adsorption of CO2

on ceria, leading to the formation of carboxylate and car-
bonate species (52). The latter species can decrease the re-
action rate of the bifunctional path by decreasing the ceria
surface available for oxygen adsorption, by decreasing the
concentration of adsorbed oxygen on ceria, by hindering
the interface reaction, i.e., step (10), or, if surface diffusion
is slow, by decreasing the rate of oxygen surface diffusion.
Remember that CO2 has no significant influence on the
CO2 production rate over Pt/γ -Al2O3, i.e., on the mono-
functional reaction path.

In Fig. 8, the CO2 production rate is shown versus pO2 for
the Pt/Rh/CeO2/γ -Al2O3 catalyst as calculated with Eq. [25]
using Eq. [13] for the monofunctional contribution and
Eq. [24] for the bifunctional contribution and using the pa-
rameter values given in Table 7. Also, some experimental
points are shown. The latter were obtained from experi-
ments with a fractional CO conversion lower than 0.2 under
the assumption of differential reactor operation. It can be
seen that at low pO2 the CO2 production rate is almost equal
to the contribution of the bifunctional path, while at high
pO2 the CO2 production rate is almost equal to the mono-
functional contribution. This can be understood, because
at low pO2 the monofunctional contribution becomes very

small due to CO inhibition and the oxygen necessary for the
oxidation of CO almost exclusively comes from the ceria. At
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large pO2 the bifunctional contribution becomes constant
while the monofunctional contribution increases linearly
with pO2 according to Eq. [13]. Note that the experiments
were carried out in the region where both contributions are
important. Therefore, statistically significant parameter es-
timates for both reaction routes could be obtained.

The reason for the accelerating effect of H2O on the CO
oxidation over Pt/γ -Al2O3 is not clear. Muraki et al. (53)
also observed rate enhancement of the CO oxidation over
Pt/γ -Al2O3 due to the presence of steam. It was suggested
that the presence of steam affects the CO adsorption equi-
librium, resulting in a decreased CO inhibition, and conse-
quently, higher rates. Another explanation for the rate en-
hancement by steam could be associated with an increased
adsorption rate of oxygen, possibly via the γ -Al2O3 sup-
port, analogous to the bifunctional path proposed for the
Pt/Rh/CeO2/γ -Al2O3 catalyst. The latter can also be an ex-
planation for the model inadequacies of Eq. [13], i.e., the
deviations at large values of pCO in Fig. 1 and the deviations
at low values of pO2 in Fig. 2. Indeed, a deviation from first
order in O2, at intermediate pO2 , can also be seen in Fig. 8.

Using the estimated preexponential factor and activa-
tion energy, given in Table 5, a value of 2× 10−2 s−1 is
calculated for the lumped parameter in Eq. [13] for Pt/
γ -Al2O3 at 436 K. This value is one order of magnitude
lower than the value of 4× 10−1 s−1 of the same parame-
ter estimated for Pt/Rh/CeO2/γ -Al2O3 at 436 K, shown in
Table 7. For several reasons comparing the parameter es-
timates for Pt/Rh/CeO2/γ -Al2O3 and Pt/γ -Al2O3 is not al-
lowable. First, the experiments with Pt/γ -Al2O3 were car-
ried out between 463 to 503 K. Therefore, the estimates
in Table 5 are strictly only valid within that temperature
region and not at 436 K. Also, the values of the parame-
ter were estimated using the value of LNM measured with

FIG. 8. CO2 production rate vs pO2 over Pt/Rh/CeO2/γ -Al2O3. pCO=
0.30 kPa, pH2O= pCO2 = 10 kPa, T= 436 K. Dashed lines show the CO2

production rate of the monofunctional path, calculated with Eq. [13], and
the bifunctional path, calculated with Eq. [24], and the parameter values
given in Table 7. The solid line shows the sum of calculated mono- and

bifunctional contributions, as in Eq. [25]. Markers represent experimental
data.
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CO chemisorption; see Table 1. While for Pt/γ -Al2O3 these
measurements are rather straightforward, this is not the
case for Pt/Rh/CeO2/γ -Al2O3. The value of LNM might be
larger than 1.4× 10−3 mols kg−1

CAT as used for the calcula-
tions, resulting in a lower value of the parameter value of
the monofunctional reaction path. Moreover, the experi-
ments with Pt/Rh/CeO2/γ -Al2O3 were carried out in the
presence of 10 kPa of H2O and CO2, while for Pt/γ -Al2O3

the kinetic model was developed for experiments in the
absence of H2O and CO2. Finally, it must be remembered
that for the modeling of the experiments with Pt/Rh/CeO2/
γ -Al2O3, no distinction was made between Pt and Rh. Yu
Yao (57), however, reported a higher CO oxidation activity
for Rh as compared to Pt.

An important result of the present study is that the rate
expression constructed for the “model catalyst” Pt/γ -Al2O3

can be applied directly in the model of the more compli-
cated commercial Pt/Rh/CeO2/γ -Al2O3 catalyst. The latter
is possible because the rate expressions were derived on
the basis of elementary steps, presented in Tables 4 and
6. When using empirical rate expressions, e.g., power-law
equations, a new rate expression must be constructed for a
new set of experimental data, e.g., a different catalyst. Also,
from Fig. 8, it becomes clear that the kinetics of the reac-
tion cannot be characterized simply by a partial reaction
order for the different gas phase components. Instead, the
dependence of the reaction rate on the partial pressures
of the different components depends on the experimental
conditions applied.

CONCLUSIONS

The CO oxidation kinetics were studied for a Pt/γ -Al2O3

and a commercially available Pt/Rh/CeO2/γ -Al2O3 catalyst
in a laboratory fixed-bed microreactor under experimental
conditions relevant for automotive exhaust catalysis at tem-
peratures below light-off. For Pt/γ -Al2O3 it was concluded
that the noble metal surface is almost completely covered
with CO and that irreversible molecular adsorption of oxy-
gen is the rate-determining step, followed by potentially
instantaneous dissociation. A kinetic model incorporating
these features was developed. The presence of steam en-
hances the reaction rate.

For the Pt/Rh/CeO2/γ -Al2O3 catalyst in the presence of
10 kPa H2O and CO2, a kinetic model involving a mono-
and bifunctional reaction path was constructed with which
the experimental data could be described adequately. The
monofunctional reaction path could be described with the
same rate expression as obtained for the Pt/γ -Al2O3 cata-
lyst. The bifunctional reaction path involves a reaction be-
tween CO adsorbed on the noble metal and oxygen from
ceria at the noble metal/ceria interface.
The development of the kinetic models on the basis of
elementary reaction steps allows the quantification and
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understanding of the changes in the partial reaction or-
ders in CO and O2 as a function of the experimental
conditions.

APPENDIX: DERIVATION OF THE RATE EQUATION FOR
THE BIFUNCTIONAL PATH I WHEN TAKING OXYGEN

SURFACE DIFFUSION INTO ACCOUNT

A ceria surface is considered with a noble metal/ceria in-
terface on both sides. Oxygen adsorbs on the ceria surface,
represented by step (8) in Table 6, followed by a poten-
tially instantaneous dissociation, represented by step (9).
Next, the adsorbed oxygen atoms diffuse towards the noble
metal/ceria interfaces where they react with CO adsorbed
on the noble metal surface, represented by step (10) in
Table 6. The spatial coordinate on the ceria surface is x
[m] and x= 0 is defined as the middle of the ceria surface.
One noble metal/ceria interface is located at x=L and the
other at x=−L. The steady state continuity equation for
oxygen adsorbed on ceria can be represented as

DO
d2ξO

dx2
+ β8(1− ξO) = 0, [A1]

with the boundary conditions

x = 0
dξO

dx
= 0 [A2]

x = L , x = −L −DO
dξO

dx
= β10ξO, [A3]

where DO is the oxygen surface diffusion coefficient
[m2 s−1], ξO the degree of surface coverage of oxygen
adsorbed on ceria, β8= 4k f

8 pO2/LCeO2 , β10= 2k f
10L/LCeO2 ,

and LCeO2 the monolayer capacity of the ceria surface [mol
kg−1

CAT].
If Eq. [A1] with boundary conditions [A2] and [A3] is in-

tegrated, the following expression for ξO at the noble metal
interface is obtained:

ξO(x = L) =
√
β8 DO
β10

tanh
[
L
√

β8
DO

]
1+

√
β8 DO
β10

tanh
[
L
√

β8
DO

] . [A4]

The rate of the bifunctional path can be expressed as fol-
lows:

Rbi
w,CO2

= k f
10ξO(x = L) = k f

10

√
β8 DO
β10

tanh
[
L
√

β8
DO

]
1+

√
β8 DO
β10

tanh
[
L
√

β8
DO

] .
[A5]
In the limit of potentially instantaneous surface diffusion,
rate expression [A5] simplifies to Eq. [24]. In the limit of
ET AL.

slow surface diffusion, rate expression [A5] simplifies to:

Rbi
w,CO2

= k f
10

√
β8 DO√

β8 DO + β10
=

1
L

√
k f

8 LCeO2 DO pO2

1
k f

10 L

√
k f

8 LCeO2 DO pO2 + 1
.

[A6]
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