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A two-dimensional mathematical model for carbon monoxide (CO) oxidation on the plat-
inum (Pt) catalyst surface is investigated according to the Langmuir-Hinshelwood (LH)
mechanism. The effects of structural changes of the catalytic surface, the substrate tem-
perature and desorption of the product of reaction (COs) are taken into account. It
is shown that taking into account the finiteness of COy desorption, both the course of
oxidation reaction and the stability region are only slightly affected.

Keywords: reaction of catalytic oxidation, reaction-diffusion model, mathematical mo-
deling of reaction-diffusion processes.
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1. Introduction

The catalytic carbon monoxide (CO) oxidation is one of reactions in surface chemistry that has led to
new concepts in understanding of surface reactions and contributed significantly to the development
of new advanced tools for studying surfaces [1].

It is known that the reaction of CO catalytic oxidation on the platinum (Pt) catalyst surface
proceeds through the Langmuir-Ginshelwood (LH) mechanism [2]. Both reactants: CO and oxygen
(O2) have to adsorb on the catalyst surface before the reaction between adjacent adsorbate molecules
can take place. Adsorbed oxygen atoms (which are produced by dissociation of Oy molecule during
adsorption) are strongly chemisorbed and remain immobile at temperatures below 550 K. Adsorbed
CO molecules chemisorb weakly and can diffuse along the Pt(110) surface [3]. The diffusion coefficient
exhibits a strong anisotropy: the diffusion of CO molecules can be up to 10 times faster [4] along [110]
direction, than along the perpendicular direction [001]. The clean Pt(110) surface is reconstructed
and has a (1x2) structure |5]. The process of surface reconstruction into (1x1) bulk structure starts
when CO coverage exceeds 0.2 [6] and is completed at CO coverage of 0.5 [7]. Such structural changes
influence the rates of other elementary processes in particular, increase the oxygen sticking coefficient,
which in turn leads to an increase in the reaction rate, and hence to a decrease in the CO coverage.

The desorption of reaction product (CO3) is considered to be instantaneous in models of catalytic
carbon monoxide oxidation proposed and investigated in [8-11]. CO4 desorption coefficient significantly
exceeds CO desorption coefficient, since the binding energy AEco, of CO2 molecule on the surface of
a plate (AEco, = 0.46 kcal/mol [12]) is much smaller that the binding energy AEco of CO molecule
(AEco = 38kcal/mol [8]). However, the rate of carbon dioxide desorption is, nevertheless, finite, and
therefore the question of influence of this process on the reaction kinetics is relevant.

In present paper, a new kinetic model for description of time dynamics of CO oxidation on Pt(110)
surface that accounts for CO4y product desorption is developed. The effect of finiteness of CO9 desorp-
tion on the course of reaction and the stability region is investigated.
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2. Description of the mathematical model

We consider a model for catalytic CO oxidation that accounts for diffusion of CO molecules on Pt(110)
surface and the finiteness of CO9 desorption. The catalytic surface is assumed to be flat with a given
Cartesian coordinate system XOY. The time evolution of CO (u) and O (v) surface coverages as well
as the fraction of surface in the nonreconstructed (1x1) structure (W) are determined by the following
kinetic equations |13]:

ou u \° 9%u 0%u
E = PulyuSu (1 — (usat> ) — kluv — kQU + me + Dy6—y2’ (1)
v 1x1 1x2 U v\
— = Dyky W X 1 — W 1 — - - k 9 2
o0 = Dot (s, + 8,7 ( 1)] o 1uv (2)
oW Uy — =
o = ks |1+ exp (7511, > ksW. 3)

Here p,, p, are the partial pressures of CO and O, respectively; k,, k, are the impingement rates;
Su, Sy are the sticking coefficients; ugqt, vsqr refer to the maximum coverages, namely the saturation
coverages; ki, ko, k3 are the rates of oxidation reaction, CO desorption and structural phase transition
on the Pt(110) surface; D, D, are CO diffusion coefficients in x and y directions, respectively; ug, ou
are the parameters of structural phase transition.

The rates of reaction, desorption and phase transition are temperature 7" dependent and are deter-
mined by the Arrhenius equations [14]:

ki = ki(T) = k2 exp (—5;), i=1,3. (4)

Here kZQ are the temperature independent coefficients; F; are the activation energies; R is the universal
gas constant.
The time evolution of carbon dioxide surface coverage is modeled by the following equation:

00

5 = 1 (0) (kruv — ka0), (5)

where variable 6 denotes COq surface coverage; f() is a non-decreasing smooth function of the interval
[0; 1]; coefficient ky4 is a rate of COq desorption. The function f(#) is modeled as follows:

! , (6)
oo (e )

where parameter a determines the steepness of f(6) curve and b is the xz-value of the curves midpoint.
The value 6,4, refers to the maximum coverage of carbon dioxide. Since the COs product formation
requires adsorbed CO and O, we assume that 0,,4: = UsatVsat-

Using reaction stoichiometry constraints (the sum of surface coverages of adsorbed species, namely
COguds, Oads, COgdS, and the fraction of empty adsorption sites is constant), equation (2) is modified
in the following way:

10 =1-

v
at

2
= [ s -] (1 - ) 7)

Usat Usat Omaz

The equations (1), (3), (5), (7) compose proposed mathematical model for carbon monoxide ox-
idation process on the platinum catalyst surface that accounts for the finite rate of carbon dioxide
desorption.
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3. Numerical analysis of the mathematical model

The equations (1), (3), (5), (7) are transformed into dimensionless form by substituting:

u = usatUa v = 'Usatvvv 0= Hmaa:(—)a
T = l0£7 Yy = logv = tc{i
where
P Usat
¢ PukuSu

(8)
(9)

(10)

The parameter [y is chosen according to experimental data for the size of Pt-crystal [y ~ 1073 cm [15].
In dimensionless form, the equations (1), (3), (5), (7) compose a mathematical model for reaction

of CO oxidation on Pt surface:

Dgtc
l2 )

l;fi = kite, 1 = 17—47 Dy = butiule [)2: =

Vsat

In the system (11):
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The partial pressures p,, and p, and the temperature T play a role of control parameters of a model.
Explanation and parameter values used in numerical calculations are given in Table1 [13].

Table 1. Parameters of mathematical model

CcO Partial pressure Du

Impingement rate K, 4.2x10° 1/(s Torr)

Sticking coefficient Su 1

Saturation coverage Ugat 1

Diffusion coefficient D, 1.2x1077 em?/s

(0] Partial pressure Dy

Impingement rate Ky 7.8x10° 1/(s Torr)

Sticking coefficient sixliglx210.6; 0.4

Saturation coverage VUsat 0.8

Rates Reaction kY 3x10° 1/s

E, 10 kcal/mol

Desorption of CO kS 2x10'6 1/s
Es 38 kcal/mol

Phase transition kS 2x1072 1/s
Es 7 keal /mol
Other Temperature T 540 K
Gas constant R 0.001987 kcal/(mol K)
Model parameter of diffusion Dy 0.1
Parameters of structural phase transition ug; OU 0.35; 0.05
Parameters of COq coverage a; b 80; 0.01
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The results of numerical analysis of two-dimensional mathematical model (11) for CO oxidation on
Pt catalyst surface are presented in Figs. 1,2. Although the finiteness of COs desorption is accounted
for (in case of ky/ky ~ 10?), it can be seen that the dependence dynamics of surface coverages U (%, §, 1),
V(Z,7,t) and fraction of the surface in the nonreconstructed (1x1) structure W (&, 7,{) retains clear
oscillatory behaviour. The amplitudes of oscillations change with a change of y-coordinate, which
shows the influence of CO diffusion along OY -axis, despite the fact that D, ~ 0.1D,.

036 019 0.14
0.34, 012
0.32
0.1
0.3
0.28 0.08
T
0.01
0.005
0

Fig. 1. Example of oscillations of CO, O, CO4 surface coverages and fraction of the surface in the nonrecon-
structed (1x1) structure for model (11) at pressures p, = 2.25x107° Torr, p, = 5.0x107° Torr and certain
value of coordinate § = 0.1.

Fig. 3 shows the results of numerical analysis of two-dimensional model (1)—(3) [13| without taking
an equation for carbon dioxide surface coverage into account (instantaneous desorption of COg). The
amplitude values of coverages Umaz, Umin, Vinaz, Vmin and the period of oscillations 7y for the two
models differ little: the deviation is no more than 6% (see Table2), that does not exceed the model
accuracy.

Table 2. Comparison of numerical analysis results for model (11) and
model (1)—(3) [13] (py = 2.25x10~° Torr, p, = 5.0x10~° Torr, § = 0.5).

with equation for COy | without equation for COs9
Unaz 0.4406 0.4122
Unin 0.2557 0.2530
Vinaz 0.1300 0.1317
Vinin 0.0516 0.0596
T0 3.39 3.48

The oscillatory character has a strong dependency on the initial values of the partial pressures
pu and p,. A comparison of stability regions (oscillatory behaviours) for model (11), model (1)—(3)
(instantaneous desorption of COs3) [13| and one-dimensional model [11] is depicted in Fig.4. It can be
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seen that the finiteness of COy desorption (in case of 12:4/ ko ~ 102) only slightly affects the stability
region of oxidation reaction. This enables us to assert that desorption of reaction product (COg2) can
be considered instantaneous when modeling carbon monoxide oxidation on Pt catalyst surface.

4.5 \ \

W
o1

T
\

\
\

\

pu [107° Torr]
w
I
\
AN
\
\

N
o
I

1'5 1 1 1 1 1 1 1 1 1 1 1
4 5 6 7 8 9 10 11 12 13 14

p, [107° Torr]

Fig. 4. Stability diagram for reaction of CO oxidation in the partial pressures (p,,p,)-parameter plane for

model (11) (solid line), model (1)—(3) [13] (dotted line) and one-dimensional model [11] (dashed line).

4. Conclusions

In this paper, the two-dimensional mathematical model for carbon monoxide oxidation on the Pt
catalyst surface is developed and investigated according to the Langmuir-Hinshelwood mechanism
(when the rate of carbon dioxide desorption is finite). It is shown that when the finiteness of COq
desorption is accounted for, both the course of oxidation reaction and the stability region are only
slightly affected. Therefore, the desorption of CO9 can be considered instantaneous.
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MopentoBanHsa snnmey Aecopbuii giokcmay Byrieulo Ha npouec
oKcuaauii MOHOOKCMAy Byrjeuto Ha noBepxHi Pt-kaTtanizaTopa

Kocrpob6iit I1., Puxal., 'uaris B.

Hauionasvrut ynisepcumem «Jlveiscvka noaimernixas,
eya. C. Bandepu, 12, 79013, Jlveis, Yxpaina

JociizkeHo JBOBUMIPHY MaTeMaTUIHy MOJIEJIb OKUCHEeHHsI MOHOOKcu 1y Byrienio (CO) na
noBepxHi wiaTuHoBoro Karaiizaropa (Pt) srigno 3 mexanizmom Jlanrmopa—Tinmesnsya.
BpaxoBaHo BIJTUBH CTPYKTYPHUX 3MiH KATAJITUIHOI IIOBEPXHi, TEMIEPATYPHU TiIKIATY Ta,
necopbuil npoaykry peaxiii (COs). ITokazano, mo BpaxyBaHHS CKIHUEHHOCTI JecopOmil
CO5 HE3HAYHO BILIMBAE SK Ha XiJ[ peakilil OKMCHEHHs, TaK 1 Ha 00J1aCTh CTIHKOCTI peakiiil.

Knto4voBi cnoBa: xamaaiimuuna peaxuyis oxucherha, peaxyitino-oudysiting modeas, ma-
memMamushe MoJea8arHA PEAKUItHO-OuPY3iUHUT NPoyecis.
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