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Abstract

A mathematical model has been developed for the first time to study the oxygen storage capacity (OSC) phenomenon by the
injection technique over a 1 wt% Pd/CeO2 model catalyst in the 500–700◦C range. A two-step reaction path that involves the reac
of gaseous CO with the oxygen species of PdO (pre-oxidized supported palladium particles in the 500–700◦C range) and of the back
spillover of the oxygen process from ceria to the oxygen vacant sites of surface PdO has been proven to better describe the outle
transient response and the experimentally measured quantity of OSC (µatoms of O/g) obtained in a CSTR microreactor. With the propos
mathematical model, the transient rates of the CO oxidation reaction and of the back-spillover of the oxygen process can be cal
the 500–700◦C range, the transient rate of CO oxidation was always greater than that of the back-spillover of oxygen. The ratio,ρ, of the
maximum CO oxidation rate to the maximum back-spillover of the oxygen rate was found to decrease with increasing reaction tem
in the 500–700◦C range. In particular, at 500 and 700◦C the value ofρ was found to be 1.6 and 1.2, respectively. The present mathem
model allows also the calculation of the intrinsic rate constantk1 (s−1) of the Eley–Rideal step for the reaction of gaseous CO with sur
oxygen species of PdO to form CO2. An activation energy of 9.2 kJ/mol was estimated for this reaction step. In addition, an apparen
constantkapp

2 (s−1) was estimated for the process of back-spillover of oxygen. The ratio of the two rate constants(k1/k
app
2 ) was found to be

greater than 100 in the 500–700◦C range. A Langmuir–Hinshelwood surface elementary reaction step of adsorbed CO with atomic ox
PdO failed to describe the experimental transient kinetics of CO oxidation in the 500–700◦C range. The results of the present work prov
the means for a better understanding of the effects of various additives and contaminants present in a three-way commercial catalyt
and other related model catalysts on their OSC kinetic behavior. In addition, intrinsic effects of a given regeneration method for a co
three-way catalyst on the OSC phenomenon could better be studied by making use of the results of the present mathematical mo
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The oxygen storage capacity (OSC) of ceria and m
recently of solid solutions of ceria–zirconia has been es
lished to be a key parameter for the appropriate catalytic
formance of commercial three-way catalysts (TWC) [1–
Yao and Yu Yao [5] first proposed the CO or H2 pulse in-
jection method that allows the measurement of the oxy
storage capacity of catalytic materials related to the T
technology, which has been adopted by many researc
afterward [4,8–13]. Yao and Yu Yao [5] have proposed
distinction of two different oxygen storage capacities

* Corresponding author.
E-mail address: efstath@ucy.ac.cy (A.M. Efstathiou).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00151-9
s

cording to their developed method of measurement:

– The OSC (oxygen storage capacity, µatoms of O/g) re-
lated to the more reactive oxygen species and the m
readily available oxygen atoms;

– The OSCC (oxygen storage capacity complete, µat
of O/g) related to the total or maximum oxygen stora
capacity under the applied experimental conditions.

The exact experimental protocol and possible react
that may occur during the measurement of the OSC by
pulses have been discussed [5,14].

Despite the extended use of the CO pulse injec
method to quantify the OSC phenomenon, no attempts
yet been made toward the modeling of the pulse trans

http://www.elsevier.com/locate/jcat
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response of CO obtained during the experiment. Suc
modeling could allow the estimation of the transient rate
back-spillover of the oxygen process from ceria to the
(Pt, Rh, Pd) surface and also of the rate of oxidation of
to CO2 on the PM surface. Knowledge of these two trans
rates must be considered as highly desirable since the
ious oxygen storage materials must be correctly evalu
based not only on the amount of oxygen they can store
also on their intrinsic property of rate by which their stor
surface/subsurface oxygen species can migrate from c
to the metal/metal oxide surface. The role of the various a
ditives and contaminants of commercial TWCs on the O
could be better understood if their dependence on the q
tity of stored oxygen and the relative rates of back-spillo
of oxygen and oxidation of CO and HC on the suppor
metal surface are known. In addition, any evaluation
vehicle-aged TWC activity following a given regenerati
method could be facilitated by knowing beforehand the
provement made in the rate of back-spillover of oxygen.

In the present work, it is demonstrated for the first ti
that the transient response of CO obtained after applying
pulse injection method for measuring the OSC phenome
on a 1 wt% Pd/CeO2 catalyst can be modeled very well v
a two-step kinetic scheme which allows the evaluation of
transient rates of back-spillover of oxygen from ceria to
pre-oxidized Pd surface and also of the rate of oxidatio
CO to CO2 on the oxidized Pd surface. The dynamic mat
matical modeling performed allows also the evaluation of
intrinsic rate constant,k (s−1), associated with the eleme
tary step of CO oxidation and of the apparent rate cons
kapp (s−1), associated with the process of back-spillove
oxygen from ceria to the oxidized Pd surface. The result
this work have shown that the rate of back-spillover of o
gen is smaller by a factor ranging between 1.2 and 15 du
the 8-s duration of the transient CO oxidation reaction in
500–700◦C range.

A deeper understanding of the effects of crystal size
morphology of ceria and PM (Pt, Rh, Pd) metal on the tr
sient rate of the very important process of back-spillo
of oxygen over catalytic systems of technological imp
tance can be obtained by the present proposed mathem
model.

2. Experimental

2.1. Apparatus for transient studies and the CSTR
microreactor used

The pulse injection method for the measurement of O
was performed on a transient flow system described e
where [15] using a CSTR microreactor (1.5-ml nominal v
ume) made of quartz. The basic design features of the re
are given in Fig. 1. Its behavior as a single CSTR was
ified following the procedures described in detail elsewh
[16,17]. The concepts used by Stockwell et al. [16] for
design of a CSTR microreactor made of stainless steel
-

-

al

r

Fig. 1. Design features of the CSTR microreactor used for CO pulse i
tion experiments to model the OSC phenomenon.

been adopted. Local mixing of the gas entering the sp
above the very shallow catalyst bed (0.5 mg of Pd/CeO2
catalyst plus 49.5 mg of SiO2 in particle form,d < 0.1 mm)
was achieved by drilling several holes on a quartz disk
center to the entrance flow (see Fig. 1). Heating was
vided by a small furnace (235-mm total length) where
reactor was horizontally placed.

2.2. Catalyst preparation and characterization

The 1 wt% Pd/CeO2 catalyst was prepared by the w
impregnation method using the Pd(NO3)2 (Aldrich) precur-
sor. The CeO2 support (Aldrich) used was of standard gra
(99.9% purity). After impregnation and drying (overnight
120◦C), the catalyst sample was calcined in air at 400◦C for
2 h prior to use. The specific surface area of the support
terial was checked by N2 adsorption at 77 K (BET method
using a Micromeritics 2100E Accusorb Instrument, an
was found to be 16 m2 g−1. The dispersion of Pd in th
supported catalyst was determined by H2 chemisorption fol-
lowed by TPD in He flow. In particular, after calcinatio
of the sample at 500◦C for 2 h in a 20% O2/He gas mix-
ture, followed by H2 (1 atm) reduction at 300◦C for 2 h,
the feed was changed to He at 300◦C for 30 min to desorb
any hydrogen chemisorbed on the Pd surface and the C2
support (possible hydrogen spillover). The temperature
then increased to 500◦C in He flow and the sample was ke
at 500◦C until no other hydrogen desorption was observ
The reactor was then cooled quickly in He flow to 25◦C and
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ment on th
he
Fig. 2. Schematic representation of the effects of gas treatment during the sequence of steps 1–3 in performing the CO pulse injection experie
chemical structure and composition of 1 wt% Pd/CeO2 catalyst. The transient response curves of CO and CO2 obtained during step 3 are also shown. T
shaded area between the Ar and CO response curves provides the amount of CO consumed or, equivalently, the oxygen storage capacity, OSC.
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the feed was changed to a 1% H2/He mixture for 30 min. It
is noted that hydrogen chemisorption from the indicated
mixture eliminates the possibility of palladium hydride fo
mation [18]. Following this chemisorption step, the feed w
changed back to He to carry out a TPD experiment. From
amount of hydrogen desorbed during TPD and the am
of Pd in the sample, the dispersion of Pd was estimate
be 61.5% (57.7 µmol/g). Calcination of the Pd/CeO2 fresh
sample at 700◦C in a 20% O2/He gas mixture, followed by
H2 (1 atm) reduction at 300◦C for 2 h and the same furthe
treatment in He flow and H2 chemisorption/TPD as previ-
ously mentioned, resulted in a 54% metal dispersion.

TEM measurements performed on the same Pd/CeO2
catalyst (following calcination in air at 500◦C for 1 h and
H2 reduction at 300◦C) provided an average Pd partic
size of about 2.0 nm (±0.1 nm). Considering a spheric
particle geometry and using the formula [19],D (%) =
1.1/d (nm)× 100, a value of 55% for metal dispersion w
calculated. Note the good agreement inD (%) provided by
the TEM and H2 chemisorption measurements. TEM stud
were performed after dispersing 5 mg of powder sampl
1 ml of ethanol/water mixture (1:1) kept in an ultrason
bath for 2 h followed by deposition on a carbon-cove
copper grid and drying at 25◦C. The instrument used wa
a JEOL 1010 electron microscope operated at an acce
tion voltage of 80 kV.

2.3. CO pulse injection experiments for OSC measurements

The catalyst sample was pretreated in 20% O2/He for 2 h
at 500◦C followed by H2 (1 atm) for 2 h at 300◦C before all
-

CO pulse injection experiments. The 50-mg catalyst sam
used (0.5 mg of Pd/CeO2 + 49.5 mg of SiO2) was pre-
pared as follows. Ten milligrams of Pd/CeO2 catalyst was
weighted and thoroughly mixed with 990 mg of SiO2. From
the resulting solid mixture, 50 mg was weighted and pla
in the catalytic microreactor.

The experimental protocol followed for the measurem
of OSC is illustrated schematically in Fig. 2.

– Step 1: After its pretreatment, the catalyst sample w
brought into He flow at the temperature (TOSC) the OSC
would be measured. At this point, the Pd is in its fu
reduced state, while ceria exposes oxygen vacant si

– Step 2: The catalyst was then treated in a mixture of 2
O2/He atTOSC for 1 h. TOSC varied in the 450–700◦C
range in which Pd crystallites were oxidized into Pd
as indicated by in situ SEM and TPR studies [20–23]
the same time, oxygen is adsorbed onto ceria via di
gas-phase chemisorption [24,25] and probably also
oxygen spillover from the metal to the ceria surface [2

– Step 3: After a 2-min flush of reactor in He flow, a CO
pulse (1.0 µmol) was directed into the reactor. Dur
this pulse, surface oxygen species associated with
and oxygen from ceria (surface/subsurface) are reacte
off by CO, giving CO2 as a gas product. The mechanis
by which this transient kinetics of CO oxidation occu
is described in the following section.

The CO and CO2 gas-phase dynamic responses obtai
from the last experimental step 3 were followed conti
ously by anonline mass spectrometer. These responses
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shown in Fig. 2. The Ar response represents the dyna
of a nonadsorbing and nonreacting gas when pulsed (s
amount as the CO) through the reactor with the cata
present. The area difference between the Ar and the
responses allows the estimation of the amount of CO
sumed during the pulse experiment. In addition, integra
of the CO2 transient response yields the amount of CO2 pro-
duced. If no other side reactions occur, the amount of O
(µatoms of O/g) reflects either the amount of CO consum
or that of CO2 produced. Intraparticle mass-transfer res
tances during the CO pulse experiments in the 500–70◦C
range have proven to be negligible according to the crit
proposed in the literature [27]. External mass transfer re
tances based on the catalyst particle were also proven
negligible as described in the following Section 4.1.

The dynamic gaseous responses obtained by mass
trometry were calibrated against standard mixtures.
mass numbers(m/z) 28, 40, and 44 were used for CO, A
and CO2, respectively. The cracking coefficient, cc (28/44),
which is the ratio of the mass spectrometer signal atm/z =
28 to that atm/z = 44 for the CO2 molecular species, wa
measured from a standard CO2/He gas mixture. This coef
ficient is needed for the quantification of the CO signal. T
concentration of CO in the input pulse and the amount of
alyst used for the OSC experiments (0.3–0.5 mg of Pd/CeO2
diluted in SiO2) were carefully chosen to achieve CO co
versions lower than 20%. The total flow rate of the car
gas (He) was kept constant at 100 scc/min.

3. Mathematical modeling

In this section, a mathematical model is developed wh
describes the dynamic response of the gaseous CO obs
during the pulse transient experiment.

3.1. Kinetic model of the CO oxidation reaction in the
500–700 ◦C range

Two reaction mechanisms have been considered fo
transient CO oxidation reaction, i.e., the Eley–Rideal and
Langmuir–Hinshelwood.These reaction mechanisms wi
tested against the calculated pulse transient response
other features of the pulse transient experiment.

3.1.1. Eley–Rideal mechanism
A transient kinetic model describing the chemical proc

ses under consideration is based on the following two m
anistic steps:

(step 1)CO(g)+ O–S1
k1→ CO2(g)+ S1,

(step 2)O–S2 + S1
k

app
2→ O–S1 + S2,

where S1 denotes an oxygen vacant adsorption site on
PdO surface, as discussed in Section 2.3 and shown in F
S2 denotes a site on ceria with which an adsorbed oxy
e

e

c-

d

d

,

and/or lattice oxygen species is associated,k1 is the intrinsic
rate constant of elementary step 1 of the CO oxidation
action, andkapp

2 is an apparent rate constant associated
the kinetics of the back-spillover of the oxygen process fr
ceria to the surface of PdO.

Elementary reaction step 1 is of the Eley–Rideal (E
type mechanism. The choice of this mechanism was m
based on three observations. First, the initial state of th
surface is that of palladium oxide and not of a fully cove
Pd surface by chemisorbed oxygen, as explained in
tion 2.3. Thus, chemisorption of CO cannot take place
the surface of PdO, at least in the initial period of the pu
experiment. Second, during the course of the transient
oxidation reaction, oxygen from ceria is transferred onto
surface of PdO/Pd with comparable rates to those of oxyg
removal (by CO reduction) from the PdO phase, accord
to the present results (Fig. 6). Thus, chemisorbed CO on
oxidized Pd state may not be expected to be formed in
500–700◦C range. Third, in situ DRIFTS studies perform
in this work have revealed no molecularly chemisorbed
in the 500–700◦C range over the catalyst after the first pu
of CO on the PdO/CeO2 surface.

It is important to mention here that the direct react
of gas-phase CO with oxygen species on CeO2 support in
the 500–700◦C range was not considered because the s
experiments performed with 0.5 mg of CeO2 (diluted in
49.5 mg of SiO2) resulted in less than 12% of the OSC m
sured over the 0.5-mg Pd/CeO2 catalyst sample. More pre
cisely, the amounts of 12.1, 21.4, and 35.3 µmol of CO2/g
(or µatoms of O/g) were measured at 500, 600, and 700◦C,
respectively. In addition, these measurements revealed
no uptake of chemisorbed CO on CeO2 alone occurred dur
ing the pulse experiment in the 500–700◦C range.

3.1.2. Langmuir–Hinshelwood mechanism
If the CO oxidation reaction on the present PdO/CeO2

catalytic system in the 500–700◦C range proceeds by
Langmuir–Hinshelwood (LH) mechanism, the appropr
elementary reaction steps are as follows:

(step 3)CO(g)+ S1
ka
�
kd

CO–S1,
kd

ka
=K,

(step 4)CO–S1 + O–S1
k4→ CO2(g)+ 2S1,

(step 2)O–S2 + S1
k

app
2→ O–S1 + S2.

In the proposed mathematical model, step 3 is consid
to be in equilibrium. Chemisorption of CO is considered
proceed on the surface oxygen vacant sites (�) or the Pd/�
pair sites present in the PdO phase.

3.2. Unsteady-state mass balances

The mass balances for the two adsorbed O–S1 and O–S2
species in the case of the Eley–Rideal mechanism for the
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oxidation reaction are given by

O–S1:

(1)
dNO–S1

dt
= −k1yCO

NO–S1

N0
O–S1

+ kapp
2

(
1− NO–S1

N0
O–S1

)
NO–S2

(
t = 0, NO–S1 =N0

O–S1

)
O–S2:

(2)
dNO–S2

dt
= −kapp

2

(
1− NO–S1

N0
O–S1

)
NO–S2

(
t = 0, NO–S2 =N0

O–S2

)
.

The mass balances in the case of the Langmuir–Hinshelw
mechanism are as follows:

O–S1:

(3)

dNO–S1

dt
= − k4θCONO–S1

+ kapp
2

(
1− θCO − NO–S1

N0
O–S1

)
NO–S2

(
t = 0, NO–S1 =N0

O–S1
, andθCO = 0

)
,

O–S2:

(4)
dNO–S2

dt
= −kapp

2

(
1− θCO − NO–S1

N0
O–S1

)
NO–S2

(
t = 0, NO–S2 =N0

O–S2

)
.

The mass balance for the gaseous CO species in
CSTR microreactor is given by

(5)NT
dyCO

dt
= FTy

in
CO − FTyCO − k1yCONO–S1Wcat

(t = 0, yCO = 0)

in the case of the Eley–Rideal mechanism and by

(6)

NT
dyCO

dt
= FTy

in
CO − FTyCO

−
(
kayCO

(
1− θCO − NO–S1

N0
O–S1

)
− kdθCO

)

×N0
O–S1

Wcat

(t = 0, yCO = 0, θCO = 0),

in the case of the Langmuir–Hinshelwood mechanism.
The definitions and units of all parameters that appea

Eqs. (1)–(6) are given in Table 1.
The total number of moles(NT) in the gas phase of th

CSTR microreactor that appears in the mass balance
Eqs. (5) and (6) was estimated by employing the ideal
law and using the gas-phase volume of the CSTR rea
with the catalyst bed in place. The latter quantity was e
mated by means of the simulated transient response o
gas following the switch from He to 5% Ar/He gas mixture
bypass and through the reactor [16,17] and was found t
0.5 cm3. The value ofN0

O–S1
parameter is taken as that co

responding to the metal dispersion (the number of surfac
f

Table 1
Definition of parameters used in the mathematical model

Parameter Definition Units

k1 Kinetic rate constant of reaction step 1 s−1

k
app
2 Kinetic rate constant of reaction step 2 s−1

ka Kinetic rate constant of CO adsorption (step 3) s−1

kd Kinetic rate constant of CO desorption (step 3) s−1

k4 Kinetic rate constant associated to reaction step 4 s−1

yCO CO output mole fraction mol%
yCO,max Maximum CO output mole fraction mol%
y in

CO CO input mole fraction mol%
NO–S1 Amount of adsorbed oxygen on Pd surface µatom/g
N0

O–S1
Initial (t = 0) amount of adsorbed oxygen µatom/g

on Pd surface
NO–S2 Amount of adsorbed oxygen on cerium oxide µatom/g
N0

O–S2
initial (t = 0) amount of adsorbed oxygen µatom/g

on cerium oxide
θCO Surface coverage of adsorbed CO in the Pd surface
FT Total molecular flow µmol/s
NT Total number of moles in the gas phase µmo
Wcat Catalyst mass g

atoms per gram of catalyst is assumed to remain the sam
the Pd and PdO supported phases).

3.3. Input y in
CO function

The function describing the input pulsey in
CO(t) in the

pulse dynamic experiment that appears in the mass bala
of Eqs. (5) and (6) was obtained by fitting the experim
tally measured pulse of Ar (1 µmol) after directed byp
of the reactor (see Section 2.3 and Refs. [16,17]. As sh
in Fig. 3, this pulse is described very well by the followi
equation with a correlation factorR = 0.9992,

(7)Z = aea1(t−t1)4 + a2ea3(t−t2)2 + a4ea5(t−t3)2,

Fig. 3. Experimental and fitted (Eq. (7)) dimensionless pulse trans
response of Ar obtained bypass the reactor according to the sw
He→ Ar/He pulse (1.0 µmol).
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Table 2
Simulated parameter values of the input pulse response curve bas
Eq. (7)

Parameter Value Std. dev. error (%

a 0.1089 1.3
a1 −0.5462 4.3
a2 0.7979 2.9
a3 −0.2887 2.9
a4 0.2517 1.3
a5 −0.1396 1.4
t1 2.5637 1.1
t2 3.6242 1.7
t3 5.5737 13.3

where

(8)Z = y in
Ar(t)

ymax
Ar

, 0 � Z(t)� 1.

The optimum fitting parametersa, a1–a5, andt1–t3 are tab-
ulated in Table 2.

3.4. Optimization of k1 and kapp
2

The finite-difference method (fully implicit scheme) w
used for the solution of the coupled differential Eqs. (1),
and (5), in the case of the ER mechanism. The simulatio
the experimental CO pulse transient response obtained
ing the OSC measurement on the 1 wt% Pd/CeO2 catalyst
was based on the following three criteria.

1st Criterion. The maximization of the correlation fac
(	) between the simulated and experimental gas-phase
concentration values according to

(9)	 = n(
∑
XY)− (∑X)− (∑Y )√[n∑

X2 − (∑X)2] · [n∑
Y 2 − (∑Y )2] ,

whereX andY are respectively the simulated and the
perimental values of gas-phase CO concentration (yCO) and
n is the number of experimental values of CO concentra
(yCO).

2nd Criterion. The predicted values ofNO–S1 andNO–S2

should be vanishing (e.g., less than 2%) by the end of the
pulse:

(10)NO–S1 → 0 and NO–S2 → 0.

3rd Criterion. The predicted values ofN0
O–S1

andN0
O–S2

must agree, within a 2% tolerance, with the correspond
experimental values:

(11)N0
O–S1

+N0
O–S2

=
∫
RCOoxid.dt,

(12)N0
O–S2

=
∫
Rspilloverdt,

(13)N0
O–S1

+N0
O–S2

=NCOconsumed

(determined by the experiment).

The rate expressions of CO oxidation,RCOoxid., and back-
spillover of the oxygen process,Rspillover, are given in the
following Section 3.5.
n

-

For a more efficient determination of the optimum valu
of the two rate constants,k1 andkapp

2 , the above three criteri
have been combined by means of a single parameterΩ ,

Ω = 	 ·
(
N0

O–S1
−NtfO–S1

N0
O–S1

)

(14)·
(

1− |N0
O–S2

− ∫ tf
0 RCOspillover|

N0
O–S2

)
,

wheretf is the final time during the CO pulse transient e
periment at whichyCO is practically zero. Optimum value
of k1 andkapp

2 should maximizeΩ (close to unity).

3.5. Rates of CO oxidation and back-spillover of the
oxygen process

In the case of the ER mechanism, the rates of CO
dation (step 1) and of back-spillover of the oxygen proc
(step 2) are respectively given by

(15)RCOoxid.(ER)= k1yCONO–S1 (µmol of O/(g s)),

(16)Rspillover= kapp
2 NO–S2(1−NO–S1/NO–S2)

(µmol of O/(g s)).

In the case of the Langmuir–Hinshelwood mechani
the rate of CO oxidation (step 4) is given by

(17)RCOoxid.(LH)= k4θCONO–S1 (µmol of O/(g s)).

4. Results and discussion

4.1. External mass-transfer considerations

It is very important to consider whether the pulse tr
sient kinetic experiments performed were conducted u
conditions where the external mass transport rate, that
the gas phase to the external surface of the catalyst pa
was large enough, so only kinetic rates were measured i
high temperature range of 500–700◦C. The rate of externa
mass transfer (rp) can be estimated according to the follo
ing relationship [27]:

(18)rp = kgam(Cb −Cs),

where, kg is the mass-transfer coefficient (m/s), am is
the specific external surface of the solid catalyst part
(m2/g),Cb is the concentration of CO in the bulk gas pha
(mol/m3), andCs is the concentration of CO (mol/m3) in
the gas phase very close to the external surface of the
lyst particle.

In the case whereCb − Cs = 5% Cb, and when the
latter is considered as a sufficient criterion for the
sence of external mass transfer resistances, then ac
ing to Eq. (18) and the data presented in Table 3 the
of external mass transfer at 600◦C was calculated to b
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Table 3
Parameter values for the estimation of external mass-transfer resistan
the CO pulse experiment at 600◦C

Parameter Value

Schmidt number (Sc) 0.90
Mass flux (G) 2× 10−2 kg/(m2 s)
Reynolds number(Re)p 0.033
Mass-transfer coefficient (kg) 1.2× 10−1 m/s
External surface of the solid catalyst particle (am) 0.6 m2/g
Catalyst particle size(dp)

a 0.06 mm
Maximum concentration of CO in 1.87 mol%
the input pulse (yCO,max)
Total pressure (PT) 1 atm

a Based on an optical microscope, where it was found that the siz
catalyst particles was in the range of 0.01–0.15 mm with an approxim
average size of 0.06 mm.

940 µmolCO/(g s). As will be shown in the following Sec
tion 4.4 (Fig. 6b), the maximum experimental value of
CO oxidation reaction rate at 600◦C was estimated to b
about 90 µmolCO/(g s). This value is about 10 times smal
than the one calculated for the rate of external mass tran
Thus, it can be stated that under the present experim
conditions external mass-transfer resistances are not si
cant.

4.2. Fitting of the gas-phase CO pulse transient response.
Eley–Rideal mechanism for the CO oxidation reaction

Fig. 4 presents the experimental CO output pulse t
sient response curves obtained over the 1% Pd/CeO2 cata-
lyst at 500 and 600◦C as well as the corresponding sim
lation curves. In the case of 500◦C (Fig. 4a), the agreemen
between the experimental and simulation curves is excel
The correlation factorR is 0.9913, which fulfills very ade
quately the 1st criterion. The optimum values for the two r
constants are found to bek1 = 304.0 s−1 andkapp

2 = 3.2 s−1.
In the case of 600◦C (Fig. 4b), the agreement between t
experimental and the simulation results is also quite
isfactory (R = 0.9894), even though the simulation cur
does not predict so accurately the peak maximum and
rising part of the pulse (first 2 s, Fig. 4a). The optimu
values for the two rate constants arek1 = 359.0 s−1 and
k

app
2 = 3.9 s−1. The experimental parameters used in b

simulations and the resulting parameters calculated by
model are tabulated in Table 4. In this table, correspond
values at the highest temperature studied (700◦C) are also
reported.

4.3. Transient evolution of NO–S1 and NO–S2

The proposed mathematical model also predicts the t
sient evolutions of the amounts of the two oxygen specie
the two reservoirs, those of ceria (NO–S2) and PdO(NO–S1).
Fig. 5 presents the transient behaviors ofNO–S1 andNO–S2

during the CO oxidation reaction in the pulse transient
periments described in Fig. 4. It is clear that, fort < tmax,
r

.
l
-

Fig. 4. Experimental and simulated pulse transient responses of gas-
CO at the exit of the CSTR microreactor related to the OSC measure
at (a) 500 and (b) 600◦C over the 1 wt% Pd/CeO2 catalyst.

Table 4
Experimental and simulated parameter values of the CO pulse transie
sponse obtained at 500, 600, and 700◦C over the 1 wt% Pd/CeO2 catalysta

Parameter Value

500◦C 600◦C 700◦C

yCO,max (mol%) 0.0187 0.0187 0.0187
N0

O–S1
(µatom/g) 58 58 58

FT (µmol/s) 68.3 68.3 68.3
NT (µmol) 4.0 3.5 3.1
Wcat (g) 0.0005 0.00035 0.0003
k1 (s

−1) 304.0 359.0 401.0
k

app
2 (s−1) 3.2 3.9 4.1

	 0.9913 0.9894 0.9909
Ω 0.9907 0.9882 0.9896

a An Eley–Rideal mechanism is assumed for the CO oxidation reac

wheretmax is the time of appearance of the maximum in
concentration of CO, the rate of change ofNO–S1 is signifi-
cantly lower than that ofNO–S2. In particular, at 600◦C the
amount ofNO–S1 for t � tmax remains practically constan
(Fig. 5b). In addition, the rates of change of the amount
the two oxygen species during the pulse are different
depend on the reaction temperature. The duration of the
pulse is approximately 10 s. The values ofNO–S1 at the end
of the pulse (t > 10 s) at 500 and 600◦C are respectively
0.037 and 0.071, while the corresponding values ofNO–S2

are 1.5× 10−7 and 2.3× 10−7, respectively. Therefore, th
2nd criterion for the estimation of the optimum values of
two rate constants is also fulfilled.
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Fig. 5. Calculated transient response curves ofNO–S1 andNO–S2 quantities
based on the OSC measurements at (a) 500 and (b) 600◦C over the 1 wt%
Pd/CeO2 catalyst.

4.4. Transient rates for the CO oxidation and
back-spillover of oxygen processes

Fig. 6 presents the evolution of the rates of CO oxida
(step 1) and oxygen back-spillover (step 2) during the
pulse transient experiment at 500◦C (Fig. 6a) and 600◦C
(Fig. 6b). It should be pointed out that these transient r
cannot be measured experimentally. They can only be esti
mated by performing a kinetic/mathematical analysis of
CO pulse transient response as shown in the present wo

In Fig. 6b (T = 600◦C), it is observed that the CO ox
idation reaction rate is similar to that of the oxygen ba
spillover for reaction times less than 2 s and then beco
higher. In particular, att = 5 s, the spillover rate is abou
5 µatoms/(gs), while the value of the rate of CO oxid
tion is 30 µatoms/(gs). In the case of 500◦C (Fig. 6a), the
rate value of back-spillover of oxygen is always significan
lower than that of the CO oxidation reaction.

Fig. 7 shows the ratio of the maximum rate of CO o
dation to the maximum rate of back-spillover of oxygen
a function of reaction temperature in the 500–700◦C range.
As the reaction temperature increases from 500 to 700◦C,
the transient rate of back-spillover of oxygen takes va
approaching those of the rate of CO oxidation. At 700◦C,
the maximum transient rate of CO oxidation on PdO is o
Fig. 6. Calculated transient response curves of the rate of CO oxid
and back-spillover of oxygen during OSC measurement at (a) 500
(b) 600◦C over the 1 wt% Pd/CeO2 catalyst.

Fig. 7. Calculated temperature dependence of the ratio of the maxi
transient rate of CO oxidation to that of back-spillover of oxygen obtai
during the CO pulse injection experiment for measuring the OSC ove
1 wt% Pd/CeO2 catalyst in the 500–700◦C range.

about 20% higher than the maximum transient rate of b
spillover of oxygen. The results presented in Figs. 6 an
are indeed very significant since they illustrate for the fi
time, in this type of transient kinetics of CO oxidation, t
relative importance of the two rates in the transient reg
as a function of the reaction temperature.

Vayenas and Pitselis [28] have proposed a mathem
cal model describing the NEMCA effect on porous cond
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tive catalyst films on solid electrolyte supports. Their mo
accounts for the back-spillover of promoting anionic Oδ−
species from the solid electrolyte onto the catalyst surf
The same type of model was then applied to describing
effect of metal–support interactions for the case of finely
persed metal nanoparticles on ZrO2- and TiO2-based porous
supports, where the same type of Oδ− back-spillover mech
anism is operative. Vayenas and Pitselis [28] have conclu
that, in the case of dispersed Pt-supported catalysts, th
sorbed O atom can migrate 1 µm/s on Pt at 400◦C. Unless
the oxidation reaction TOF is higher than 103 s−1, which
is practically never the case, the Oδ− back-spillover double
layer is present on the supported nanocrystalline metal
ticles. Their simulation results agree with ours, in the se
that the rate of back-spillover of oxygen species is sign
cant with respect to the CO oxidation rate.

Let us discuss the transient behavior of the two rates
sented in Fig. 6. As soon as the gaseous CO species
the entrance of the shallow catalyst bed, diffusion of CO i
the pore system of CeO2 particles is very rapid and the C
oxidation reaction on the pre-oxidized Pd (PdO phase)
ported within the pore system of ceria is rapidly initiated.
the same time, due to the fact that oxygen vacant sites
created by the CO oxidation reaction on the PdO phase
ria begins to supply oxygen species to the surface of P
via a back-spillover mechanism. At this point it should
clarified that subsurface oxygen of PdO could also be tr
ferred to the surface of PdO. However, its amount is v
small compared to that of oxygen stored on CeO2. As the re-
action proceeds, the oxygen pool in ceria begins to evac
and thus the spillover rate is reduced. A maximum in the
of consumption of CO (or CO2 production) occurs when th
productyCO ×NO–S1 is maximized (see Eq. (15)). Finall
the spillover rate is reduced significantly when the oxyg
pool in ceria is largely reduced (e.g., att = 5 s,T = 600◦C).
In contrast, the CO oxidation reaction continues since o
gen is still available on the PdO surface and CO is availa
in the gas phase (CO pulse duration is 10 s).

Integration of the curves of the transient rates (Fig.
leads to the calculation of the initial amount of adsorb
oxygen in each pool, i.e., that of PdO(N0

O–S1
) and of ceria

(N0
O–S2

). The estimated and experimental values ofN0
O–S1

andN0
O–S2

are reported in Table 5 for the CO pulse exp
iments performed in the 500–700◦C range. It is noted tha

Table 5
Experimental and simulated values ofN0

O–S1
andN0

O–S2
based on the

mathematical modeling of the CO transient pulse response in the
700◦C range according to the Eley–Rideal mechanism

Temperature Experimental (µatom/g) Simulated (µatom/g)

(◦C) N0
O–S1

N0
O–S2

N0
O–S1

N0
O–S2

500 58.0 67.3 58.0 67.3
550 58.0 92.2 58.0 92.3
600 58.0 158.0 58.0 157.4
650 58.0 186.9 58.0 186.7
700 58.0 206.4 58.0 206.5
-

h

-

Fig. 8. Contour diagram ofk1 vs kapp
2 . Simulation results correspond t

experimental results of the CO pulse injection experiment performe
500◦C over the 1 wt% Pd/CeO2 catalyst.

the 3rd criterion is satisfied very well since the predicted v
ues ofN0

O–S1
andN0

O–S2
are in excellent agreement with th

experimental ones at all reaction temperatures studied.

4.5. Optimization of k1 and kapp
2

To find the optimum values of the rate constants of
CO oxidation and oxygen back-spillover reaction proces
a series of simulations with the values ofk1 andkapp

2 in the 1
to 1000 s−1 range were carried out. The goal was to sea
for thosek values maximizing the parameterΩ given by
Eq. (14). Fig. 8 presents a contour diagram ofk1 vs kapp

2 in
the case of the CO pulse injection experiment at 500◦C (see
Figs. 4a–6a). In Fig. 8, the darker gray color indicates la
values of theΩ parameter. The solid lines signify the borde
between areas of changing color shading, thus a chan
the range ofΩ values. As shown in Fig. 8, the parameterΩ
is maximized whenk1 = 304 s−1 andkapp

2 = 3.2 s−1. The
value ofΩ for this set of optimumk’s is 0.9907.

The optimum values ofk1 for the CO pulse transient ex
periments performed in the 500–700◦C range were use
to obtain the intrinsic activation energy of the Eley–Rid
mechanism of CO oxidation to CO2 (step 1). The corre
sponding Arrhenius plot shown in Fig. 9 yields an activat
energy of 9.2 ± 0.1 kJ/mol and a pre-exponential factor
1200± 5 s−1 with R = 0.99.

4.6. Fitting of the gas-phase CO pulse transient response

Langmuir–Hinshelwood mechanism for the CO oxidation
reaction

The modeling of the experimental CO pulse transient
sponses shown in Fig. 4 using the Langmuir–Hinshelw



268 C.N. Costa et al. / Journal of Catalysis 219 (2003) 259–272

-
tion
e-

etic
-
Sec
qua
the
etic
re-

en-
CO
ion

l
-

l
t
n on
own
age

tion
tan
nt

n

d
-

he

r the

of

of

Pd

to
ox-

the
b-

gen
xy-
ults,
es
tions
of

.

for
s

hed

as-
ion
ient
Ta-

d by
re el-
on a
Fig. 9. Arrhenius plot of Ln(k1) vs 1/T for the determination of the in
trinsic activation energy of the Eley–Rideal mechanism of CO oxida
on PdO/CeO2 catalyst in the 500–700◦C range during the OSC measur
ments.

mechanism has been performed by varying the four kin
rate constants,kd, ka, k4, andkapp

2 (that appear in the cor
responding reaction scheme described by steps 2–4 of
tion 3.1.2) and using the appropriate material balance e
tions (Eqs. (3), (4), and (6) of Section 3.2). To avoid
simultaneous evaluation of all the above-mentioned kin
rate constants by just fitting the single experimental CO
sponse curve, the rate constants for CO adsorption (ka) and
desorption (kd) were calculated separately, using experim
tal data provided in the literature. The rate constant for
adsorption was calculated using the following express
suggested in Ref. [29]:

(19)ka = S0σ

(
R

2πM

)0.5(
PT

R

)
NA

(
1

T

)0.5

,

whereS0 is the sticking coefficient,σ is the surface meta
atom cross-sectional area (cm2), PT is the total pres
sure (atm),NA is Avogadro’s number,M is the molecular
weight of the adsorbate (g/mol), andR is the universa
gas constant ((atm cm3)/(mol K)). The sticking coefficien
S0 was calculated based on the data for CO adsorptio
Pd(100) surface reported by Yeo et al. [30], who have sh
that S0 changes almost linearly with CO surface cover
(θCO), i.e.,

(20)S0 = 0.84− 0.5375θCO.

Because step 3 of the Langmuir–Hinshelwood reac
scheme is considered to be in equilibrium, the rate cons
kd can be calculated based on the thermodynamic constaK
for CO chemisorption given by

(21)K = kd

ka
⇒ ka = kd

K
.

The thermodynamic constantK for CO chemisorption ca
be calculated using the following formula:

(22)K = exp(&S0/R)exp(−&H 0/RT ),

where &S0 is the entropy of CO chemisorption on P
(J/(mol K)), and&H 0 is the enthalpy of CO chemisorp
tion on Pd (J/mol). According to Shustorovich [31], in t
-
-

t

Table 6
Simulation results based on the Langmuir–Hinshelwood mechanism fo
CO oxidation reaction (steps 3 and 4)

k4 k
app
2 Ω 	 N0

O–S2
N0

O–S2
exp Comments

(µatom/g) (µatom/g)

T = 500◦C
100,000 500 0.8977 0.9948 61.5 67.3 Highest value ofΩ;

θO andθCO drop to
zero fort > 0.2 s

10 0.03 0.1321 0.9153 12.3 67.3 Reasonable variation
θO andθCO with time;
not satisfactory value
of Ω

T = 600◦C
70,000 320 0.8234 0.9914 58.2 158.0 Highest value ofΩ;

θO andθCO drop to
zero fort > 0.2 s

5 0.01 0.0925 0.8756 11.1 158.0 Reasonable variation
θO andθCO with time;
not satisfactory value
of Ω

500–700◦C range, the entropy of CO chemisorption on
can be considered practically constant (∼ 30 cal/(mol K)).
However, the enthalpy of CO chemisorption is reported
vary significantly with CO coverage [30] and can be appr
imated by

(23)−&H 0 = 172.7− 13.0θCO (kJ/mol).

The main features of the simulation results after using
LH kinetics for CO oxidation are reported in Table 6. To o
tain high values of parameterΩ , larger values for bothk4
andkapp

2 were used than those ofk1 andkapp
2 used with the

ER kinetics. However, these values ofk4 andkapp
2 resulted in

practically zero surface coverages for both CO and oxy
at reaction times higher than 0.2 s. The result of zero o
gen coverage is inconsistent with the experimental res
which show that CO2 production stops only at reaction tim
higher than about 10 s. To obtain more reasonable evolu
of θCO andθO, one must use significantly smaller values
bothk4 andkapp

2 . However, in this case the value ofΩ be-
comes significantly smaller (Ω < 0.15), which is undesired
The estimated value ofN0

O–S2
at 500◦C was 12.3 µatom/g,

while the experimental value was 67.3 µatom/g. As shown
in Table 6, similar results and conclusions were obtained
the reaction temperature of 600◦C. It is noted that change
in the estimated values ofka andkd via Eqs. (20)–(23) by
an order of magnitude did not affect the conclusions reac
for the LH kinetics presented in Table 6.

In conclusion, the simulation results obtained after
suming LH kinetics for the present transient CO oxidat
reaction fail to reproduce the experimental pulse trans
results of Fig. 4. The results shown in Figs. 4 and 9 and
ble 6 strongly support the ER kinetic scheme presente
steps 1 and 2. Reaction step 1 is considered as a pu
ementary reaction step, in the sense that it can occur
molecular level [32].
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Many theoretical studies have shown that the most e
getically favorable (lowest reaction energy barrier) reac
path for the CO/O2 reaction (co-fed CO and O2 from the
gas phase) over unsupported Pt, Pd, and Rh metal sur
is that associated with the LH mechanism [33–39]. The
action barrier was found to be in the range 50–140 kJ/mol,
while the highest energy sub-barrier was identified as
of the weakening of the metal–oxygen bond [33–39]. In
case of supported Pt, Pd, and Rh catalysts, a LH kin
model is usually found to best fit the experimental rate
sults for the CO/O2 reaction atT < 300◦C and for ratios
of PCO/PO2 that correspond to not strongly oxidizing fe
conditions [40–42].

The main differences in the conditions of the pres
transient CO oxidation reaction, which lead to ER kinet
compared to those encountered under steady-state rea
conditions (CO/O2 feed streams), which lead to LH kine
ics for group VIII-supported metal catalysts [40–42], are
following:

1. In the present pulse transient experiments, there i
co-fed oxygen in the CO pulse.

2. Before CO is admitted to the reactor, the supported c
lytic surface does not correspond to the state of meta
palladium but to that of PdO. This is based on res
from the literature [20–23], where it has been dem
strated that at temperatures in the 350–800◦C range, ex-
posure of Pd to an oxygen atmosphere (even at 0.2 T
leads to its conversion to PdO (surface and subsur
in many layers). Decomposition of PdO occurs only
T > 800◦C [21,23].

3. CO chemisorption is not expected to take place on
sites of the PdO surface in the 500–700◦C range. It is
noted that, even on a Pd surface, the coverage of
chemisorption in the 500–700◦C range was found to b
nonmeasurable based on in situ FTIR studies perfor
on the present Pd/CeO2 catalyst. This result implies
very small or zero residence time for the adsorbed
molecule.

4. Upon reaction of CO with a surface oxygen atom
PdO during the pulse experiment, a surface oxygen
cant site in the PdO is to be formed. It might be argu
that this vacant site could be used for CO chemiso
tion. Thus, a LH mechanism could also be opera
along with the ER mechanism for the reaction syste
However, the facts that the PdO phase is supporte
ceria, a material largely promoting the back-spillover
oxygen process, and that the chemisorption energ
CO on the oxygen vacancy is expected to be sign
cantly lower than that of oxygen on Pd [38], indica
that the possibility of having a chemisorbed CO st
on the present PdO/CeO2 system must be rather sma
This conclusion is consistent with the present simula
results with the LH kinetics that fail to reproduce the e
perimental CO pulse transient response (see Section
Table 6).
s

n

,

Bondzie et al. [43] have studied the kinetics of red
tion of PdO (formed on a Pd(110) crystal face) by CO
low pressures (5× 10−8 mbar) in the 340–420 K range. Th
Eley–Rideal step was considered in their kinetic analy
A rate constant (k) was estimated for this step and the va
of 14.1 ML/s was reported at 400 K. The unit of ML use
in their analysis corresponded to 9.4×1014 atoms/cm2. It is
very instructive to compare this reported value ofk at 400 K
with that predicted from the results of the present work. C
sidering the present case of CO oxidation (or PdO reduc
by CO) at 773 K, for the maximum value of the rate of C
oxidation (55.7 µatom/(gs), Fig. 6a), and the correspondi
NO–S1 (36.8 µatom/g) andy (0.006) values, a rate consta
k1 = 5.42 × 10−7 (g atom)/(cm2 s) is calculated. In thes
calculations, a value of 2.3 m2 Pd/g (based on dispersio
and the site density for the Pd(111) crystal face), and the
Eq. (15) were used. In the latter equation, the surface co
ageθ is used instead ofNO–S1 to express the unit of rat
constantk1 in (g atom)/(cm2 s) as that reported [43]. Base
on the activation energy value of 9.2 kJ/mol calculated from
the present work (Fig. 9), and assuming a pre-expone
factor for thek1 rate constant independent of temperatu
a value ofk1 = 14.2× 10−8 (g atom)/(cm2 s) is obtained a
400 K. This value is about 6.5 times larger than the value
ported by Bondzie et al. [43]. This difference in thek value
corresponds to a 6.2 kJ/mol difference in the activation en
ergy for the Eley–Rideal step of the CO oxidation on PdO
the two studies.

Based on what is mentioned in the previous paragr
the relatively low value of 9.2 kJ/mol for the activation en
ergy of the elementary step, CO(g)+O–S (PdO)→ CO2(g),
estimated in the high-temperature range of 773–973 K o
the present PdO/CeO2 system, is consistent with the valu
of 15.4 kJ/mol estimated over the unsupported PdO in
low-temperature range of 340–420 K. An interesting a
important view for explaining the relatively low activatio
barrier of 9.2 kJ/mol obtained in the present work com
from the recent work of Hirsimäki et al. [44]. The autho
have studied the energy-dependent transient reaction k
ics of CO oxidation over a preoxidized Pd(110) surfa
where they propose that at high translational energies
the CO impinging molecules the energy and momen
transfer results in the weakening of the Pd–O bond, the
leading into the lowering of the activation energy barr
and increased reaction rate. This view could partly exp
the 6.2 kJ/mol difference in activation energy estimated
the elementary reaction step under consideration at 400
773 K.

In a recent detailed work on Pd(111) using XPS, ST
and TPD techniques, Zheng and Altman [45] have indica
multiple Pd–O surface and subsurface species with di
ent activities toward CO oxidation. The existence of multi
Pd–O species has been postulated as an explanation f
complex behavior observed in Pd-catalyzed oscillatory
haviour of the CO oxidation reaction [46,47]. In the pres
kinetic model, only a single oxygen species (O–S1) has been
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considered in the Eley–Rideal step of the CO oxidation re
tion to form CO2. If under the high temperatures used in
present work for the oxidation of Pd to PdO more than
kind of Pd–O species was present at the start of the CO p
experiment, then the activation energy value of 9.2 kJ/mol
estimated may reflect an apparent value accounting fo
reactivity of all Pd–O species. However, such a hypoth
cannot be proven since no data are available on the deta
the surface/subsurface structure of PdO at temperature
the 500–700◦C range.

In a recent work [48] concerning the development
a transient kinetic model for the CO oxidation react
over a Pt/Rh/CeO2/γ -Al2O3 three-way catalyst in th
120–160◦C range, the following elementary reaction ste
among others, were considered for fitting the transient
and CO2 experimental responses obtained following
switch 0.5 mol% O2/He→ 0.5 mol% CO/He:

(step 5)CO(g)+ O–S↔ OCO–S,

(step 6)OCO–S→ CO2(g)+ S.

Nibbelke et al. [48] reported the 12.1 kJ/mol and 20.5 s−1

values for the activation energy barrier and pre-expone
factor of the rate constantk associated with step 6, respe
tively. In addition, the activation energy and pre-exponen
factor of the backward rate constant of reaction step 5 w
reported to be 20.3 kJ/mol and 248 s−1, respectively. The
reaction steps 5 and 6 are closely related to the Eley–R
step 1, and the reported kinetic values are of the same o
as those calculated in the present work over the Pd/CeO2
catalyst.

The suggestions of Böttcher et al. [37] for explaining
high CO oxidation reaction rate on a pre-oxidized Ru(00
surface with 5 ML of oxygen species could also be adop
in the present case of the Pd/CeO2 catalyst. The authors sug
gested that the interaction between subsurface oxygen a
and overlayer oxygen atoms is repulsive, and as a resu
this, the on-surface O atoms are markedly destabilized. C
sequently, the activation energy of the CO oxidation (El
Rideal step) drops with respect to that with one monola
((1× 1)–O overlayer) of oxygen atoms, giving rise to a s
nificantly enhanced CO2 production rate [37].

Relatively low activation energy barriers for true react
elementary steps have recently been reported by Dume
al. [49] for the SCR of NO by NH3 on vanadium oxide cata
lysts. A value of 19 kJ/mol was reported (based on dens
functional theory (DFT) calculations) for the conversion
the NH3NHO adsorbed intermediate species to the NH2NO
one. To our knowledge, there are no theoretical estim
in the literature for the energetics of an ER mechanism
the CO oxidation over a PdO surface, to which we co
compare the value of 9.2 kJ/mol calculated in the prese
work. This could be a challenge for future DFT studies
the present catalytic system.

It is useful to cite here certain works on the CO oxid
tion reaction over transition metal surfaces where the
f

l
r

s
f

t

mechanism was found to support the experimental ob
vations, where the oxygen partial pressure was larger
that of CO or the initial metal surface state was that co
sponding to a high initial oxygen coverage. Dwyer and B
nett [50] in their transient CO oxidation studies with FT
have found that an ER process initially proceeded w
CO(g) reacted with pre-adsorbed oxygen in the 100–16◦C
range over 9 wt% Pt/SiO2 catalyst, while as CO accumu
lated on the surface the controlling mechanism shifted
the LH one. Bonzel and Ku [51] have studied the CO
idation reaction on the Pt(110) surface and found that
temperature dependence of the CO2 reaction rate exhibit
a maximum, the position of which depends on the com
sition of the gas phase. At 215◦C, two different rate laws
have been established depending on the ratio ofPO2/PCO.
These authors claim that their results support the idea
the reaction obeys an Eley–Rideal mechanism for the ex
imental conditions investigated [44]. Finally, Srivastava
al. [52] have studied the oxidation of CO on Ni clusters
means of CNDO MO calculations. The cluster surface
pre-adsorbed with O and the variation of various bond
ergies with the approach of a CO molecule was investig
for different models. Srivastava et al. [52] found that, at h
oxygen coverage, an Eley–Rideal reaction pathway is m
probable.

4.7. Parametric sensitivity analysis

The effects of the total molecular flow(FT) and of the
initial amounts of surface adsorbed oxygen on PdO (N0

O–S1
)

and on cerium oxide (N0
O–S2

) on the fitting of the pulse tran
sient response of gaseous CO (yCO) and the derived rat
constantsk1 and kapp

2 in the case of the ER kinetics we
investigated. TheFT,N0

O–S1
, andN0

O–S2
parameters are con

sidered to present some experimental error in their dete
nation. Table 7 presents the results obtained after allow
a 10% variation in the value of the above-mentioned th
parameters. It is clearly seen that the percentage of err
determining thek1 and kapp

2 parameters is less than 0.6
and 12%, respectively. These results are indeed very

Table 7
Effects of the parametersFT, N0

O–S1
, andN0

O–S2
on the kinetic rate con

stantsk1 andkapp
2 of the Eley–Rideal mechanism

Parameter value Ω k1 k
app
2

FT N0
O–S1

N0
O–S2

(s−1) (s−1)

(µmol/s) (µatom/g) (µatom/g)

68.2 57.7 68.3 0.9948 304.0 3.2
61.4a 57.7 68.3 0.9935 304.0 3.0
75.0b 57.7 68.3 0.9942 304.0 3.3
68.2 51.9a 74.0 0.9949 304.0 3.4
68.2 63.5b 62.5 0.9946 302.0 2.9
68.2 57.7 61.4a 0.9944 304.0 3.1
68.2 57.7 75.1b 0.9945 304.0 3.3

a 10% decrease in the actual experimental value.
b 10% increase on the actual experimental value.
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portant in establishing the reliability of the present kine
model. The estimated transient rates of CO oxidation
back-spillover of the oxygen process and the correspon
calculated intrinsic rate constantsk1 andkapp

2 are proven to
be rather insensitive to the extent of possible experime
errors related to the performance of the CO pulse trans
experiments in measuring the OSC phenomenon.

5. Conclusions

The following conclusions can be derived from t
present work.

1. A mathematical model of the oxygen storage capa
(OSC) phenomenon on a model 1 wt% Pd/CeO2 cata-
lyst in a CO pulse injection experiment has been de
oped for the first time.

2. The proposed mathematical model allows the calc
tion of the transient rates (µmol/(sg)) of CO oxidation
and back-spillover of the oxygen process during
pulse experiments. This important information can
be extracted directly from the experiment. A compa
son of the two reaction rates shows that as the reac
temperature increases from 500 to 700◦C, the rate value
of the back-spillover of the oxygen process approac
that of the CO oxidation reaction.

3. It was found that the Eley–Rideal mechanism for the
oxidation in the 500–700◦C range over supported Pd
on ceria describes very well the experimental pulse t
sient response of CO. This mechanism is also suppo
by in situ FTIR experiments. The intrinsic activation e
ergy for the Eley–Rideal step of CO oxidation is fou
to be 9.2 kJ/mol.

4. Despite the fact that the ratio of the rate of CO oxidat
to that of the back-spillover of oxygen is in the ran
1.2–3.0, the ratio of the corresponding rate constan
about 100. This is an important result, indicating t
one cannot use the values of the rate constants o
two processes to compare the corresponding tran
rates. This is simply due to the fact that the initial ox
gen reservoir on ceria is significantly larger than
initial oxygen reservoir on PdO. In addition, the tra
sient rates at hand are determined by different kine
the dynamics of which appear to be significantly diff
ent (see Fig. 5 and Eqs. (1)–(6)).

5. The results of the present work can be used to ga
better understanding of the effects of various additi
and contaminants on PM (Pt, Pd, Rh) supported on c
catalysts, or related catalytic systems that promote
oxygen storage capacity phenomenon, on the tran
rates of CO or hydrocarbon oxidation and back-spillo
of the oxygen process.
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