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Abdtract. The two-dimensonal mathematical model for
carbon monoxide (CO) oxidation on the platinum (PY)
catalyst surface is investigated according to the Langmuir-
Hinshelwood (LH) mechanism. The effects of structura
changes of the catalytic surface and the substrate tempe-
rature are taken into account. It is shown that when two-
dimensionality and structural changes are accounted for,
both the dynamics of oxidation process and the stability
region change.
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1. Introduction

One of the mechanisms of catalytic carbon mono-
xide oxidation on platinum is the classical Langmuir-
Hinshelwood (LH) mechanism [1]. In the LH mechanism
the two reacting species CO and oxygen have to adsorb on
the catalytic surface before the reaction takes place:

0, +2*® 20,,
CO+* « CO,4
CO,+0,, ® CO, +2*
where “*” denotes an empty adsorption site on the
catalytic surface and the subscript “ads’ denotes an
adsorbed state of respective species.

Oxygen desorption is neglected because it is very
unlikely to occur in the range of temperatures at which
experiments are conducted [2]. Since diffusion coefficient
of adsorbed oxygen is 3-4 orders of magnitude smaller
than CO diffusion coefficient [3], adsorbed oxygen is
considered to beimmobile.

The processes of surface reconstruction of the
catalyst atoms play a crucia role in heterogeneous
catalysis. The clean Pt(110) surface has a (1x2) structure
[4]. During the reaction oxygen and carbon monoxide
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adsorb on the Pt surface. If CO coverage exceeds specific
critical value the surface reconstructs into (1x1) bulk
structure [5]. When oxygen and CO react, carbon dioxide
is formed, and the surface returns to its initial
configuration. Such structural changes influence the rates
of other elementary oxidation processes, therefore, it
should be taken into account when developing a
mathematical model of reaction.

For the temperature ~500 K further structural chan-
ges of the Pt(110) surface are observed for ongoing reac-
tion, namely, the formation of new crystal planes (faceting)
[6]. It substantially changes the adsorption properties of the
crystal, in particular with respect to oxygen.

For thin plate catalysts the heat generated in the
chemical processes may dynamically change the
temperature T of the catalyst surface. Even small changes
of T may alter the CO oxidation dynamics dramatically. It
is therefore aso relevant to anadyze the heat balance
conditions which make it possible to understand the
characteristic time and space scales of the temperature
field that may influence the chemical reaction.

In the present paper a new kinetic model for the
description of time dynamics of CO oxidation on Pt(110)
surface is developed. The effect of two-dimensionality,
faceting and temperature on the dynamics of the reaction
isinvestigated.

2. Theory

We consider a model for catalytic CO oxidation
that accounts for diffusion of molecules of CO on Pt(110)
surface. Unlike existing models [6, 7], the catalytic
surface is assumed to be flat with a given Cartesan
coordinate system XQY. The time evolution of CO (u)
and O (v) surface coverages are determined by the follo-
wing kinetic equations [8]:
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wherep, and p,are the partial pressures of respective
species; k, and k,are the impingement rates; s, and
S, are the sticking coefficients,u,, and v, refer to the
maximum coverages, namely the saturation coverages; k.
and k., are the rates of oxidation reaction and CO
desorption; D, and D, are CO diffusion coefficientsin x

and y directions, respectively. The factor g=3 models
the asymmetric inhibition of CO and O, adsorption since
the adsorbed CO blocks oxygen adsorption stronger [9].
The structural phase transition (1x2)«>(1x1) on the
Pt(110) surfaceis modeled by the following equation [10]:
w AT E
F:|<ph(f(u)-w) )
where variable W denoates the fraction of the surface in the
non-reconstructed structure (surface of type (1x1)); f (u)isa

non-decreasing smooth function of the interva [0;1];
coefficient k,, isarate of structural phase tranition.

Thefunction f (u)ismodeled[7]:
1

aly- U/ug, 6 4
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where parameter u, determines the threshold value above
which adsorbed CO molecules significantly influence the
structure of the surface and duis the steepness of this
threshold.

The oxygen sticking coefficient s, is modified in
Eg. (2) and can be rewritten as a linear combination of the
values for the (1x2) and (1x1) structures:

§=8'W+g2(1- W) ©)

wheres” and s? are oxygen sticking coefficients in

(1x1) and (1x2) phases, respectively.

To complete the modd thermal processes
generated in chemical reactions should be taken into
account. In phenomenological definition [11] the heat
balance equation includes the catalyst surface thermal
conduction and the heat of oxidation reaction:
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wherec, isthe heat capacity, r isthedensity, k,,,isthe

thermal conductivity of the catalyst; ng, isthe number of
active sites in 1 cm? of Pt(110) surface [11]; DH,, ., and
DH
DH,.is CO desorption activation energy; DH, is the
enthal py of oxidation reaction.

The degree of faceting Z is a consequence of a
competition between the formation of facets, with the free
energy of the reaction as a driving force, and thermal
annealing, for which the flat surface is thermodynamically
favored. It is modeled by the following equation [6]:

z CATHB ‘eArAy
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where k, and k are the rates of facet formation and

thermal annealing, respectively.

The oxygen sticking coefficient s, is significantly
enhanced on a faceted surface, so (5) is modified:

S =SW+52(1- W) +57Z €)
wheres® is an increase of s for maximum faceting
(Z=1).

The rates of the reaction, desorption, phase
transition and thermal annealing are dependent on
temperature T and are determined by the Arrhenius
equations [12]:

k =k°exp(- E/RT) (9)

wherek® is the temperature independent coefficient; E is
the activation energy; R isthe universal gas constant. The
effect of the existing near-surface electric field on
activation energies was investigated in papers [13, 14]. It
was shown there that the effect of near-surface electric
fields can be neglected.

Egs. (1)-(3), (6), (7) compose proposed a two-
dimensional mathematical model for CO oxidation
process on the platinum catalyst surface.

u,ads

are the heats of adsorption of respective species,

v,ads

3. Results and Discussions

For numerical analysis Egs. (1)—(3), (6), (7) are
transformed into dimensionless form by substituting:

u=uU,v=v Vv, T=TT, (10)
x=1%, y=I¥, t=th (11)

where
t. =v,, / pK,S (12

Parameter |, is chosen according to experimental
data for the size of Ptcystal 1,~10° cm [15].

T, =540K is the temperature at which the reaction of CO
oxidation has the maximum CO, output.
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In dimensionless form Egs. (1)-(3), (6), (V)
compose a mathematical model for reaction of CO
oxidation on Pt surface:
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Parameter values used in numerical calculations are
givenin[8] and Table1[6].
The results of numerical analysis of modd (13) are
presented in Figs. 1 and 2.
Figs. 1-2 show that the dependence dynamics of

surface coveragesU (%, ¥,t) andV (¥, §,b) and the fraction
of the surface in the non-reconstructed structure (1x1)
W (%, ¥,t) exhibits clear oscillatory behavior. The period
of oscillations has a weak dependence on 'y -coordinate.
At the same time the amplitude of oscillations changes
with achange of y . This shows the effect of CO diffusion
aong OY -axis despite the fact that D, ~0,1D, [3, 15].

In contrast to the one-dimensional model [16], the
dynamics of surface coverages dependency we have
calculated demonstrates mixed-mode oscillations (MM O)
which were observed experimentally on Pt(110) [17].

Tablel
Parameter s of mathematical model
K, Rate of facet formation Kk, =0.03 Vs
k. Rate of thermal annedling k®=2.6510° 1/s
E, =83.72 kJ/mol
s? | Increaseof s, for maximum faceting (Z =1) s¥=02
y=0.1

Fig. 1. Dependency of CO U(x,y.t) 0.5
and O V(xy,t) surface coverages =04
and fraction of the surfacein the non- N
reconstructed structure (1x1) W(X,y,t) 0.3

and degree of faceting Z(x, g ;b

forD/Dy =10, p, = 3.53-10"Pa,
Py = 8:5310°Paand certain value -
of coordinatey = 0.1
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0.2 Fig. 2. Dependency of CO U(x,y,t)

and O V(xy,t) surface coverages

B-128 and fraction of the surface

0196 inthenon-reconstructed structure (1x1)
W(X,y,t) and degree of faceting Z(x,y,t)

0.194 for D,/D, = 10, p, = 3.53-10°%Pa,

p, = 8.53-10*Pa and certain value
of coordinatey = 0.5
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Fig. 3. Stahility diagram for reaction of CO oxidation in the partia
pressures (p,,p.)-parameter plane for two-dimensiona model (13) (line 2),
two-dimensional model without taking faceting into account [8] (line 3)
and one-dimensional model [16] (line 1)

The oscillatory character has a strong dependency
on theinitial values of the partial pressures p, and p,. A
comparison of stability regions (oscillatory behaviors) for
model (13) and one-dimensional model [16] and two-
dimensional model without taking an equation for faceting
into account [8] is depicted in Fig. 3. It can be seen that
the stability region for reaction of CO oxidation on the
catalyst surface in two-dimensional case is narrower than
the stability region for the one-dimensional model and
shiftsto theregion of small CO and O, partial pressures.

4. Conclusions

In the present paper the two-dimensiona
mathematical model for carbon monoxide oxidation
according to the Langmuir-Hinshelwood mechanism is
developed and investigated. It is shown that when faceting

and two-dimensionality of the catalyst surface are
accounted for, the stahility region of CO oxidation
reaction changes. The reaction of CO oxidation on Pt-
catalyst surface has an oscillating character in the stability
region. Moreover mixed mode oscillations are obtained,
which could not be predicted by the one-dimensional
model [16] when equation for degree of faceting is not
accounted for [6].
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JBOBUMIPHA MATEMATHYHA MO/JIEJIb
MPOLIECY OKCHJIALIF KAPBOH (II) OKCHJLY
HA TTOBEPXHI ILTATHHOBOT'O KATAJIIBATOPA

Anomauyin. Jlocniodxceno 0B0BUMIDHY MAMEMAMuyHy Mo-
denwb oxcuoayii kapoou (I1) oxcudy (CO) na nosepxui niamuHo8o2o
xamanizamopa (Pt) seiono mexanizmy Jlanemopa-I'inwensyoa.
Bpaxosano ennueu cmpykmypHux 3min Kamanimuynoi nosepxui ma
memnepamypu  nionodxcku. Ilokazamo, wo 6paxyéamHs 0806uU-
MIPHOCIIMA CMPYKMYPHUX 3MIH 6e0e 00 3MIHU K OUHAMIKU Npo-
yecy oxcudayii, max i obaacmi cmiikocmi.

Knwuosi cnoea. xamanimuuna peaxyisi OKUCHEHHs, peax-
YitiHO-0ughy3iliHa MOOeLb, MameMamuiHe MOOe08AHHS PeaKYiliHO-
ougysitinux npoyecis.



