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Effect of adsorbed impurities on catalytic CO oxidation
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The effect of inactive adsorbed impurities on kinetics of catalytic synthesis of carbon dioxide is investigated
in the framework of the lattice-gas model. Namely, two cases of equilibrium impurities with fast, compared
with the reaction’s rate, and slow self dynamics are analyzed. It is revealed that the adsorbed impurities
shift the phase diagram to the region of lower temperatures and higher pressures pco. In the case of slow
impurities the bistable region is narrowed far more than in the case when their dynamics is fast and their
distribution on the surface can be assumed to be equilibrium. The critical concentration of impurities at which
the bistable region disappears, is found. From analysis of the kinetic equations the condition of the existence
of the bifurcation region is analytically obtained.
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1. Introduction

Poisoning phenomenon has played a great role in the development of the theory of catalysis.
Considering heterogeneous catalytic reactions one often speaks about poisons which reduce the
activity of catalysts. These impurities can exist in raw materials which are used for preparation
of catalysts or can be entered together with the reactants. It is usually assumed that they are
chemosorbed at active sites of the surface, block up interactions between reagent and the surface
and are inhibitors for the reaction. Mexted [1] mentioned that metals are the most sensitive to
poisoning. Oxides and sulfides used as catalysts are more persistent. Metallic catalysts can be
poisoned by: 1) molecules which consist of elements of groups VB and VIB if their active atoms are
not completely saturated; 2) compounds or ions of some metals; 3) molecules or ions with multiple
bonds. Typical catalytic poisons are sulphur compounds (HsS, CSy, mercaptan), hydrocyanic acid
(HCN), carbon monoxide (CO), free halides (Jo, Cly, Bry), mercury and mercury salts (HgCla,
Hg(CN)2), compounds of phosphorus, arsenic, lead. Since sorption of impurities can be reversible
and irreversible, one can distinguish reversible and irreversible poisoning. For example, Pt catalyst
is poisoned in the presence of CO and CSy but its activity can be quickly restored in pure initial
mixture of gases. At HoS and PHj3 poisoning Pt deactivates irreversibly and completely.

To prevent catalysts from poisoning, special demands are set to the equipment and to the
cleaning of initial reactants. However, it is practically impossible to remove all the impurities in a
real crystal sample. Considering catalytic reactions theoretically we take into account the presence
of impurity atoms or molecules which do not take part in the reaction course but decrease the
number of active sites on the catalyst’s surface and lower its activity [2—4]. It is experimentally
known [5-7] that active reaction-diffusion media can be constructed containing poisons and that
the scale and nature of these poisons can drastically affect spontaneous pattern formation on the
modified substrate. Increments of the density of impurities lead to a smaller regions of existence
of oscillations [2]. Eventually a critical concentration of inert sites is reached at which the region
vanishes and oscillations are no longer possible, due to inability of the lattice to reach the minimum
local concentration of adsorbate required to trigger the surface reconstruction mechanism.

An attempt to investigate the effect of impurity atoms on one of the catalytic reactions, namely
the reaction of catalytic CO oxidation on Pt surface [8-14], is made in the paper. Specifically, our
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purpose is to take into account the effect of equilibrium impurities with fast and slow self-dynamics
on the reaction within the lattice-gas model with interactions on a surface.

2. Lattice-gas model of CO oxidation reaction with equilibrium impurities

2.1. A case of equilibrium impurities with fast self dynamics

Let us consider a model of the reaction of catalytic CO oxidation by incorporating the effect of
passive impurities on a surface. In the case when impurities can be considered as equilibrium ones
the Hamiltonian of the system is

= *MIZ” —uQZn fuL;Zn +wlznn +w22nn +5122n11n?

(i) (i7) (i)

+613annj+€232n nj, (1)
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where uq, pe and ps denote the chemical potentials of CO, O and impurity respectively, and w1,
wa, €12, €13 and e93 are the interaction energies between the nearest-neighbor CO-CO, O-0O, CO-
O, CO-impurity and O-impurity respectively. The following notations for three types of adsorbate
occupancies of ith surface site are: n} for an adsorbed CO molecule, n? for adsorbed oxygen and
n? for adsorbed impurity, ni = [0,1] and [=1,2,3. The condition n} + n? + n? < 1 precludes the
adsorbed particles from occupation of the same adsorption site. > (ij) means the sum over the
nearest-neighbor pairs.
The Hamiltonian of the system in the mean-field approximation looks like

HZ*%Z”?*%Z”?*%Z”?JFAN’ (2)

where the following notations are introduced:

A = —wi(n)? —wa(n®)? —e1a(n')(n?) — er3(n')(n®) — eaz(n®)(n?), (3)
= m—2wi(n') —e12(n?) — e1z(n?), (4)
fiz = p2—2wy(n®) —e1a(n') — ea3(n’), (5)
fis = ps—e1s(n') —eas(n?). (6)

The grand partition function of the whole system is equal to

— exp (_%) [1+eXp(llzT) +eXp(;zT) +eXp(;3,;)]N, (7)

whence we obtain the following expression for the grand thermodynamic potential:

(1]

QA = —kTlhhE= —Nwﬂ?f — Nw29§ — 5129192N — 5139193N — 8239293N

— kTNn [1+exp(£T) —l—exp(gT) +exp(£;)} (8)

Making use of this formula, we can calculate all the thermodynamic functions of the system in the
mean-field approximation.
Using the thermodynamic formula

1 /00
91__N (aﬂz)T7 (9)
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we obtain the following system of equations for the coverages 6;:

i=1,2,3. (10)

In the case when the reaction rate is higher than the rates of adsorbate adsorption and desorption,
the evolutions of the CO and O coverages in time are determined by the kinetic equations

do
d_tl = pCOkCOSCO(l e 03) —doy — k91927 (11)
dé
d_t2 = 2po,koso(l — 01 — 0y — 03)* — k0165, (12)

where pco and po, are the partial pressures of CO and oxygen respectively, kco and ko are
the CO and oxygen impingement rates, sco and so are the corresponding sticking coeflicients.
The coefficient k denotes the reaction rate constant and is given by: k = kco, exp(—(GEy) where
Ey is the activation energy of the reaction. The coefficient d = dg exp(—FFEjq) is the rate of CO
desorption. The first equation, equation (11), describes variations in the amount of adsorbed CO,
chemical reaction with adsorbed oxygen, and desorption of CO with desorption constant d. The
first term in equation (12) describes the dissociative adsorption of oxygen, and the second one refers
to the reaction between adsorbed oxygen and CO. Then, in order to analyse the stable states, it
is necessary to solve the equations df;/dt = 0 and df2/dt = 0 together with equations (10) with
respect to the average coverages for CO and oxygen.

2.2. A case of equilibrium impurities with slow self dynamics

Let us now consider a case of equilibrium impurities with slow self-dynamics on a catalyst sur-
face. In this case, the distribution of impurities on the surface can not be assumed to be equilibrium
as in the previous case. So, the kinetic equation for such impurities can be written as

s,

T = ka1 =00 — 02— 03) — kabs, (13)

where the coefficients k, and kq are the rates of adsorption and desorption of the impurities. Again,
to analyse the stable states of the system, it is necessary to solve the equation dfs/dt = 0 together
with equations (10)—(12) with respect to the average coverages for CO and oxygen.

3. Results and discussion

3.1. Phase diagrams of the model

In figure 1 phase diagrams (pco, 1/T') for various values of sco and so in the cases of clean Pt
surface (case a) and the surface containing equilibrium impurities with fast self-dynamics (cases
b — d) are shown. According to the known experimental results, we can make allowance for the
variation of the sticking factors for CO and oxygen, which is caused by the presence of impurity
atoms. Notice that in the case of modified sticking coeflicients (case b in the figure) the bistable
region is shifted towards higher CO pressures. On the other hand, taking into account the impurities
via the average coverage 4 in the kinetic equations with unaltered sticking coefficients (case c)
causes a shift of the bistable region towards lower pressures and lower temperatures. Finally, taking
into account the impurities on the surface via both the coverage 4 and the modification of the
coefficients sco and so (case d) shifts the phase diagram to the region of lower temperatures and
higher pressures pco in comparison with the case of pure surface (case a). We also note that the
phase diagram of equilibrium lattice model (1)—(9) does not contain the region of bistability.

185



|.S.Bzovska, I.M.Mryglod

3,6

1 (a) 0,20, s,,=0.9, s =0.06

3,44 ----(b) 6,70, s,,=0.8, s =0.07

324 e (c) 0,=0.1,5,,=0.9, s =0.06
304 0 T (d) 0,=0.1,s,=0.8, s,=0.07
28
26
24

2,2 4

Peor *10"Torr

2,0
1,8

1,6

T T T — T T T T T T T
206 207 208 20 210 211 212 213 214 215
1/T (1000/K)

Figure 1. Phase diagrams (pco, 1/T") for various values of 84, sco and so.

In figure 2 the dependences of the CO and oxygen coverages on the pressure pco are exhibited
for two cases. In the first case the catalyst’s surface is pure and in the second case it is poisoned by
fast impurities. It is clearly seen from the figure, that impurities give rise to a significant shift of the
region of bistability. The shift of the region is also accompanied by a reduction of the average CO
coverage and by an increase of the oxygen one, which is in agreement with experimental results.
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Figure 2. Average CO and oxygen coverages as the functions of pco at T=466 K and for various
values of 64, sco and so.

At some rather high concentration of impurities, the bistable region disappears and we have only
a monotonous dependence co,0 = f(pco). This phenomenon is accompanied by an increase of the
CO coverage and a decrease of the oxygen one. It is interesting to find, in the same approximation,
the highest possible concentration of impurities, at which the region of bistability still exists.
Figure 3 demonstrates that 83 = 0.7 is the critical value, at which the bifurcation of the solution
is still observed. At higher values of 04, the bistable region disappears. Taking into account the
interactions between impurities we should expect a decrement of concentration 6.

In figure 4 the dependencies of the average CO and oxygen coverages as the functions of pco are
shown for three different cases — for a pure surface without any impurities, for the surface with fast
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Figure 3. Average CO and oxygen coverages as the functions of pco at T=466 K and for various
values of concentrations 6g.
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Figure 4. Average CO and oxygen coverages as the functions of pco at T=466 K and for various
values of concentrations 6g.

impurities when their concentration 64 on the surface is constant, 3 = 0.1, and for the surface with
slow impurities, the concentration of which is determined by kinetic equation (13). The sticking
coefficients sco, so are constants for all three cases and have the following values: sco = 0.9 and
so = 0.06. We can see from the figure that the presence of the impurities narrows the bistable
region and shifts it to the region of lower pressures pco, but in the case of impurities with slow
self-dynamics the bistable region is narrowed far more than in the case when their dynamics is
fast.

Thus, the presence of impurities on the surface significantly affects the kinetics of the catalytic
CO oxidation reaction. Impurities shift the bistable region and change the average coverages on
the surface. The variations of sco and sp, caused by the presence of impurity atoms, play an
important role.

3.2. Analysis of the kinetic equations

To analyse the system of kinetic equations (11)—(13) it is convenient to rewrite it in dimensi-
onless form:

dfco _ pcokcosco k
= y (1 —0co — 0o —6a) — 0co — 390090 ; (14)
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dfo 2po,koso ok
o ZP0NO%O (g g 09)2 — Zhoos 1
ar 7 (1 =0co — o —b4)" — =bcobo , (15)
dby ka
= —(1—-0co—00 —04)—80 16
Akat) k'd( co —bo —6a) —ba, (16)

where 7 = d - t is a new scale of time for fco and 6.
Let us find stationary points of the model described by equations (14)—(16). One is given by

9%0 =0, 9?) =1, 051 =0, (17)

which corresponds to oxygen poisoning on the substrate. It should be noted that this solution is
never observed experimentally. The others are given by the roots of cubic equation for 6co,

A + B0 + Cco + D =0, (18)
and the corresponding oxygen and impurities concentrations are given by

h
kcc(l) (1 —=60co) — fco b1
fo = — ; 0s = ——(1 —6bco — bo), (19)
hco n &9 k;
kd ' d °

where the following notations ho = 2po,koso, hco = pcokcosco, ki = kq/ka + 1 are introduced
for convenience. The coefficients of the cubic equation are

hok? 1
A= T e
. 2okl hook? 1 2okl 1
2B Tk & RkReE Ve
hok? 1 h2ok 1 heok® 1 2hok 1 heok 1 hol
C = - cov -~ . _ _ ——
2B R Bk B R P k& Rd
hiok 1

All the roots of cubic equation (18) can be real when the following condition

3 . 2
¢ B’ + B\® _BC + D <0 (21)
3A 3A 3A 642 24
is satisfied. From the physical point of view, in this case we have a bistable region in the phase
diagram. So, inequality (21) is the condition of the existence of the bifurcation region obtained

from the kinetic level of description. In linear approximation for small desorption constants this
condition can be rewritten as follows:

c1 + co

d< , 22
3+ cq (22)
where
1 K2 hcok 2 heoki\2\
CO COMg CONg
= 5 T oL . ar \—75 T o7 — 23
“ <3+3hok 3ho < 31 3ho > ) ’ (23)
3 2 3 2 12\2

2 ; 1 . . :
02 _ 4 + hCOkl L hCO _ hCOk?z _ hc(gk/’l + hCOQk’L 7 (24)

3 3ho 3  3hok 2ho 6hk 6hg,

2
h2o  hcok 2 hooki\’ 2 hcok: 2 hooki
_co e (_Z = 2 o4 =2
* (3+ 3ho) (3k+3hok 9( * ho)
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k22
22 25
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<k$ 2) 1 h3ok?  h%o  hooks k2 hcok§>
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(26)

Relation (22) works well for the parameter range considered at hco/ho < 0.7.

We take the following values of our model parameters which correspond to Pt(111) surface:
po, = 1.5-10"°Torr, ko = 7.8-10%c ' Torr =, kco = 7-10% 1 Torr ™1, k = 598¢~!, d =0.27c7 !,
sco = 0.9, so = 0.06. Coefficients  k, = 0.05¢™!, kq = 0.2c™! are chosen under the condition
that keeps the impurities concentration on a surface sufficiently small. This allows us to study the
effect of impurities on the bistable range. Since this model is formulated at the phenomenological
level, these coefficients can be adjusted to different kinds of impurities if experimental data are
available. Then, the bistable region exists at the following values of pressure pco:

1.42-107" Torr < pco < 1.67-10~7 Torr. (27)

The characteristic equation for eigenvalues is as follows:

I(Foco s Foo, Fo ))
det ||\ — Co»~ YOy~ 7d =0 28
H < 8(90079059d) ss ( )
or for the system considered
—%—0—1—59ng 7hcofﬁoéo 7hCO

d d d d qd
det _Qh_OU _ Eea _Qh_OU _ EG‘S 1 —%—OU =0 (29)

d * d° qd s T g’co s

with v, =1 — 05 — 03 — 025 the stationary density of empty adsorption sites.

Determination of eigenvalues of stationary points of the model allows us to analyse the type of
their stability. Let us consider three cases. One case is when the partial pressure pco has such a
value that we are in the bistable region at the phase diagram. The other two cases are presented
when we consider the regions situated lower or higher than the region of bistability. The stationary
points, their eigenvalues and the corresponding types of their stability are shown in table 1. As
expected, at the intermediate values of pressure pco the system has four stationary points, but
only two of them are stable. In other cases, there is only one stable point in the system, i. e., a
stable node.

There should be noted a great difference in the eigenvalues for the stationary solutions by two
or even by three orders of magnitude. It actually determines the relaxation times of the model.
However, it is unlikely that this phenomenon has anything to do with the presence of impurities on
the catalyst’s surface. In paper [15] where the reaction kinetics on a pure metal surface is studied,
a similar situation is observed. Speaking about the width of the bistability region we observe a
tendency to its narrowing as a result of a presence of impurities. For comparison, we can give the
results of calculations for the boundaries of the bistable region for the model of the reaction of
catalytic CO oxidation without impurities: pg(i)n = 1.53 x 10~7 Torr and pE&t = 2.05 x 10~7 Torr.
As we see, the impurities considerably narrow the bistable region.

4. Conclusions

We have investigated the effect of impurities on the kinetics of catalytic reaction of carbon
dioxide synthesis. For the lattice-gas model in the mean-field approximation we have obtained
kinetic phase diagrams (pco,1/7T) which contain bistable regions. Modification of the sticking
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Table 1. Analysis of the stability of the stationary points at different values of pressure pco -

Pressure pco | Stationary points | Eigenvalues | Stability

-2221.9
(9(}0 = O, 90 = 1, 9(1 = O) -1.06 saddle
1.3-10~7 Torr 2.84

-609.7
(Oco = 0.003, 8o = 0.269, 64 = 0.146) -3.3 stable node
-0.89

-2222.8
(9(}0 = 0, 90 = 1, Hd = 0) —-1.06 saddle
3.3
-364.9
(Oco = 0.007, 8o = 0.154, 64 = 0.168) -3.5 stable node
1.5-10~7 Torr -0.91
-603.5
(Bco = 0.264, o = 0.003, 04 = 0.147) 1 saddle
1.26
-1312.3
(Bco = 0.589, 8o = 0.0004, 63 = 0.082) -1.33 stable node
-1
—2224.2
(9(}0 = 0, 90 = 1, Hd = 0) —-1.05 saddle

1.8-10~7 Torr 3.98

—1555.8
(Oco = 0.7, 8o = 0.0002, 64 = 0.06) -2.95 stable node
-1

coefficients sco and so induced by the presence of impurities plays an important role. There is
observed a shift of the diagram to the region of higher pressures pco. It leads to a decrease of the
CO and to an increase of the oxygen coverages which agrees well with the experimental results.
Taking into account the impurities on the surface via both the coverage 4 and the modification
of the coefficients sco and sg shifts the phase diagram to the region of lower temperatures and
higher pressures pco. In the case of slow impurities, the bistable region is narrowed far more than
in the case when their dynamics is fast and their distribution on the surface can be assumed to
be equilibrium. The critical concentration of impurities at which the bistable region still exists, as
follows from our estimations, is 83 = 0.7. Taking into account the interactions between impurities
we should expect a decrement of concentration f4. From the analysis of kinetic equations, the
condition of the existence of bifurcation region has been analytically found.

In our work the interactions between the impurities and coadsorbates have been taken into
account within the mean field approximation for the Hamiltonian (1). In general, it is also possible
to include such interactions into the level of kinetic equations and to use more sophisticated ap-
proximations that allow one to consider more in detail the surface modifications (phase transitions,
inhomogeneous patterns, etc) and diffusion effects. Some of these problems will be considered in
our further studies.
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Bnnme AoMilOK Ha peakuilo KaTaniTu4HOro okucneHHa CO

I.C.B3oBcbka, |.M.Mpurnog,

IHCTUTYT di3ukun koHaeHcoBaHux cuctem HAH Ykpainu, Byn. CeeHuiupkoro, 1, 79011 JlbBiB, YkpaiHa
OTpumano 10 kBiTHa 2009 p., B ocTaTto4HOMY BUrNsaai — 8 TpasHsa 2009 p.

B pamkax rpatkoBoi Mogeni AOCNIAXYETbLCS BMANB HEAKTMBHMX AOMILLOK Ha KiIHETMKY peakLii kaTanitu-
YHOrO CMHTE3Y BYMIEKMCIIOrO rady, 30Kkpema aHani3yloTbCA BUNaAKM PIBHOBAXKHOI AOMILLKM 3 LUBUAKOIO
(B MOPIBHAHHI 3i LUBMAKICTIO peakLii) Ta NoBifbHOIO BNAaCHUMU AvHamikamu. [lokasaHo, Wo AOMIlLKK Ha
NMoBePXHi 3MilLyloTb Ga30oBy Ajiarpamy A0 001aCTi HUXYMX TEMMEPATYP | BULLMX TUCKIB pco. Y BUMAAKY,
KOJIN KOHLLEHTPaLis AOMILLKN 3MIHIOETLCS Ha NMOBEPXHi JOCUTbL MOBINbHO, 06nacTb 6icTabifIbHOCTI 3BYXYE-
TbCSl 3HAYHO Binblue, HiX KONW AMHAMIKa AOMILLKM € LUBUAKOM i ii pO3noAin Ha MOBEPXHI MOXHA BBaXaTu
PiBHOBaXHUM. 3HaAEHO KPUTUYHY KOHLIEHTpaLjio AOMILLOK, NMpU SiKil LWwe crnocTepiraetbcs obnactb 6i-
cTabinbHOCTI. 3 KIHETUYHMX PIBHSAHb aHANIITUYHO 3HAMAEHO YMOBY iCHYBaHHS o6nacTi 6ictabinbHOCTI.

Kniou4oBi cnoBa: mMozesib rpatkoBoro rasy, katania, OKUCEHHsI, MOHOOKCU BYr/ieLio, KNCEHb

PACS: 05.50.+q, 68.43.-h, 82.65.+r
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