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A model which explains the oscillations obtained during the oxidation of
CO on Pd/TiO2 catalyst have been presented. The model is based on two
forms of free active sites of the catalyst.

INTRODUCTION*
Heterogeneous catalytic reactions are non-linear
multilevel chemical reaction systems far from
thermodynamic equilibrium which exhibit complex
temporal
behavior
such
as
instabilities,
oscillations, chemical waves or chaos.1,2 The
oscillations cycles of different products may have
different forms and surface phases with respect to
each other. These facts can produce valuable
information on the kinetics and mechanism of
these reactions. This explain also great number of
kinetic and mathematical models for modeling or
simulation the chemical oscillations,2-10 in
isothermal and non-isothermal conditions.11-16
Carbon monoxide is a toxic, colorless and
odorless gas undetectable by human beings. That is
why a particular attention has been paid in the
recent years to the detection and the removal of
carbon monoxide from the environment,
particularly the atmosphere. The main solution was
its removing from air by oxidation. Therefore,
many studies have been focused on the CO
oxidation over metal oxides catalysts.17,18
*

Corresponding author: ionescu@icf.ro

Pd / TiO 2
CO + O 2 
→ CO 2

Titanium dioxide has been extensively studied
due to its properties: stability, non-toxicity and low
cost. It is used as gas sensing material and in
catalysis, especially as photocatalyst.19 Pd
dispersed on high surface area metal oxides are
typical combustion catalysts.20,21
The goal of this paper is to present an
isothermal kinetic model explaining the
oscillations obtained during the interaction of CO
with a Pd/TiO2 surface.
THE MODEL
Let now the reaction be:
catalyst
CO + O 2 
→ CO 2

(1)

which can be described by the following steps:
1
CO + X ←
→ COX

(2)

2
1 O + XX ←
→ OXX
2 2

(3)

3
COX + OXX 
→ CO 2 + 3X

(4)
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4
X ←
→ Xs

(5)

5
1 O + X 
→ OX s
s
2 2

(6)

6
COX + OX s 
→ CO 2 + X s + X

(7)

where X is a free active surface site and Xs a free
active subsurface site. COX and OXX are the
reactive adsorbed species of CO and oxygen
involved in the reaction step of the system.
The kinetic model (2)-(7) is formed by two parts.
The first part consists of three steps: two adsorptiondesorption equilibria and an irreversible surface
chemical reaction of Langmuir-Hinshelwood’s type.
The second part consists of one irreversible step, the

transformation of the free active site into on free
under the surface site, on another one the reaction of
the subsurface site with oxygen the last step being the
reaction of adsorbed CO with the adsorbed
subsurface oxygen. The last three steps describe the
periodic formation and removal of a subsurface site
in the course of the reaction with adsorbed CO
molecules. The desorption of the products was
assumed to be a fast one.
In order to obtain an oscillatory behavior the
model needs two coupled paths via only one specie.22
From the kinetic model (eqs (2) to (7)) the following
non-linear systems containing three ordinary
differential equation was obtained, namely:

d[COX]
= k1PCO [X] − k −1[COX] − k 3 [COX][OXX] − k 6 [COX][OX s ]
dt
d[OXX]
= k 2 PO1/22 [X]2 − k −2 [OXX] − k 3 [COX][OXX]
dt
d[X s ]
= k 4 [X] − k −4 [X s ] − k 5 PO1/22 [X s ] − k 6 [COX][OX s ]
dt

where ki, i=1-6 are the rate constants of the
reaction mechanism.
Subsurface site XS is formed due to the
existence of a defect structure of TiO2, the Pd
atoms existing in the catalyst playing also an
important role. In this case, a reversible form of a
nonstoichiometric oxide is obtained.

(8)
(9)
(10)

The site conservation equation in terms of
fractional coverage is:

[X] = 1 − [COX] − 2[OXX] − [OX s ]

The rank of the system (8) to (10) can be
reduced using assumption:23

[OXX]  [COX] , [OX s ] and [OXX] ≅ k 2 [X]2 / k −2
The reaction rate constants for oxidation (k5)
and reduction (k6) of the subsurface site are much
smaller compared with the constants of adsorption
(k1, k2), desorption (k-1, k-2) surface reaction (k3)
and the formation of the subsurface site (k4). In the

(12)

same time the hypothesis of Eigenberger24 imposes
additional restrictions25 which allow reducing the
rank of the differential equations. These
restrictions are:

k 2 PO 2 , k −2  k 3  k1PCO , k −1 , k 4 , k −4
By considering the concentration with the form
of fractional coverage equations (8)-(10) in a
dimensionless form by dividing the system by k-4

(11)

(13)

and neglecting the terms containing k5 and k6, a
reduced system consisting of two differential
equations namely:

dx
= k *1 PCO (1 − x − z) − k *−1 x − k *32 x(1 − x − z) 2
dτ
dz
= k *4 (1 − x − z) − z
dτ
k
k
, k *−1 = −1
,
are obtained. In equations (14)-(15) τ = k −4 t , k1* = 1
k −4
k −4
k
k *4 = 4
.
k −4

(14)
(15)

k *32 =

k 2k3

k 2 k −4

and

Oscillation reactions

In such a way the system (8)-(10) is reduced to
the system (14)-(15) consisting of two autonomous
ordinary differential equations a cubic, equation
(14) and a linear one (15).
All the variables of equations (14) and (15)
have a physical meaning as long as they are not
negative in the region R where they have been
studied and R{x, z; x0,z0≥0;x+z≤1} with x=[COX],
z=[Xs] and [X]=1-x-z.
The steady state for the system eqs (14) and
(15) can be obtained by solving a reduced cubic
equation as a result of the substitution of equation
(15) into equation (14), both in homogeneous term
and changing the variable x by:
x = y − 2/3

(16)

The final equation is:
y3 − py − q = 0

(17)

where the coefficients p and q are different functions
*
and k4* as presented else where.25-28
of k1* , k−*1 , k32
Solving this reduced cubic equation (17) a lot
of behaviors where obtained stable solutions,
regular or oscillations, stable mode, focus or saddle
points.25,26
The reduced cubic equation (17) represents
unstable behavior not only in cases with two or
three reactants25-30 but also in the presence of
subsurface oxygen25 or on a non-reactive adsorbed
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species.31 The oxidation of hydrocarbons of CO
produce carbon atoms which remain adsorbed on
the surface and can produce oscillations.1,32
The model was used for explaining the
oscillations appeared in the Pd/TiO2 system.
EXPERIMENTAL
A Pd/TiO2 sample was used. 1% wt Pd supported sample
was prepared by impregnation of the TiO2 (DT51,
commercial) support with Pd(OAc)2 dissolved in acetone. The
material was treated at 500oC for 4 hours, after it was dried at
120oC. The sample has a specific surface of 90 m2/g.
The electrical conductance G=1/R where R is the
resistance was measured on sample powder (1.5 cm3, fraction
between 0.25-0.5 mm) with a precision RLC bridge (Hioki
3532-50 LCR HiTester) which gives directly the parallel
electrical conductance G at the fixed frequency of 1592 Hz. At
frequency of the measurements the electrical conductivity of
the powder is dominated by surface conduction. 33 The sample
was flushed in CO:O2 (1:1 molar ratio) mixture at a
temperature of 63oC. The total flow rate was 72 mL/min.

RESULTS AND DISCUSSION

The obtained oscillations of the electrical
conductance are presented in Figure 1 at the
temperature of about 60oC. As it can be observed,
these are nearly irregular oscillations.34
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Fig. 1 – Oscillations of the electrical conductance of the Pd/TiO2 flushed in CO:O2 atmosphere, at 63oC.
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The presence of Pd particles with a narrow
distribution on the TiO2 matrix around 9nm cannot
be neglected with oxidation-reduction processes
leading to the CO2 formation.7,10,35,36 The obtained
nearly isothermal oscillations could be produced
by various part of the catalyst with similar
properties but at various initial degrees of
oxidation or reduction. The coupling of these local
oscillators may occur via surface diffusion or
diffusion in the gas phase.36 The coupling of Pd
clusters via diffusion on the surface of the TiO2
support cannot be also neglected. Several possible
feedback mechanisms have been suggested to
describe the experimental data on kinetic
oscillations. The mechanism presented in this
paper emphasized that the competition of CO and
O for the two types of active sites: one on the
surface and the other under the surface are
responsible for the observed oscillations.
These oscillations can be interpreted as periodic
successions of ignited and extinguished states.
During the ignition the vacant sites are free and
accelerate the reaction, the extinction being
connected with the diminution of free sites by their
transformation in undersurface sites, with a lower
reactivity. This transformation is like a blocking
mechanism of the reaction and is reversible.
The observed rates are only a kind of a special
case where a synchronization mechanism produces
macroscopic variations of the reaction rate. The
more general case is that same non-linear
processes take place on a local scale but are not
visible to the observations, since the seemingly
trivial case of stationary state is observed.
CONCLUSIONS

An overall kinetic model and the corresponding
mathematical one are presented to explain the
oscillations obtained in the Pd/TiO2 system. The
model is based on two types of free sites: one on
the surface and the second under the surface. The
obtained results are discussed.
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