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Kinetic phase transitions in a contaminated monomer-dimer reaction model

V. Bustos, R. O. Uac, and G. Zgrablich
Laboratorio de Ciencias de Superficies y Medios Porosos, Universidad Nacional de San Luis, Chacabuco 917, 5700 San Luis, Argentina
(Received 15 June 200

The irreversible kinetics of a monomer-dimer reaction on a catalyst sUifeeiff-Gulari-BarshadZGB)
modell in the presence of a contaminant species is studied by means of Monte Carlo simulation. The only
processes allowed to the contaminant are adsorption and desorption; it is otherwise inert. The reaction window,
delimited by a second order irreversible phase transition at low monomer concen(laten bound transi-
tion) and by a first order one at high monomer concentratigsper bound transitionin the ZGB model is
found to shrink with increasing contaminant concentration in a way that depends on its adsorption-desorption
kinetics. Through epidemic analysis, it is also found that the upper bound transition changes from first to
second order and that the lower bound transition can also be affected depending on the contaminant adsorption-
desorption kinetics. The results may provide alternative explanations for experimental observations.

PACS numbgs): 02.70.Lg, 05.70.Ln, 82.20.Mj, 82.65.Jv

[. INTRODUCTION great success in the prediction of a reaction window ob-
served in one of the most studied monomer-dimer catalyzed

Recent advances in surface sciefite6] are opening a reactions, CO oxidation on transition metals. In fact, this
new trend in research on catalytic reactions, in the sense th&gaction window is simply the consequence of spatial corre-
they try to bridge the gap between ideal ultrahigh vacuuniations induced by a delicate site-particle stoichiometric bal-
(UHV) studies of molecular reactions on perfect crystals and@nce: the monomeiCO) needs one single empty site to ad-
the results of catalytic reactions performed under industriaforb while the dimer (§) needs two. The presence of the
conditions[7]. These conditions introduce three drastic dif- contaminant, in the present study, will somewhat disturb
ferences with respect to UHV ideal studiega) the active such balance and therefore it is expected that some important
solid is not a perfect crystalp) the reaction does not occur changes in the behavior of the kinetics should appear.
in UHV but at a pressure many orders of magnitude higher EXperimental studies of CO oxidation on transition met-
under thermodynamic equilibrium between the gas phase ar@ls, like, for example, the one given in R¢12], present,
the adsorbed phase, afid the reactants are not pure but however, two mainly differences with respect to the predic-
contaminated with other species. tions of the ZGB model.

Some of the recent developments allow atomic scale (i) The lower bound second order DP transition to an
monitoring of surface species during catalytic reactions aPXygen-poisoned state has not been found. The reaction rate
high pressures on both flat and stepped cry$tiais)], while rather increases steadily as CO concentration increases from
others deal with adsorption and reaction kinetic studies af€ro, passes through a maximum, and then becomes station-
high pressure on different surfaces-6]. All these research ary at a very low value. Several reasons can be invoked to
directions reveal behaviors not observed in UHV studies. IrfXplain this discrepancy, like the possible contribution of the
the present work we address from a theoretical point of viewEley-Rideal mechanism to the reactiph3—15, the influ-
the effects of the third factor mentioned above, the presencénce of quenched disorder softening the transifittj, and
of a contaminating species, on a widely studied reaction: théhe experimental difficulty of maintaining a perfect nonfluc-
monomer-dimeMD) irreversible reaction, inspired by the tuating oxygen-poisoned state.
catalytic oxidation of CO, which presents kinetic phase tran- (i) The upper bound first order transition is rather seen as
sitions. a second order one. Several effects have been shown to pro-

The study of kinetic, or irreversible, phase transitionsduce this result: CO desorptiofi6], a fractal substrate
(IPT's) became popular with the seminal work of Ziff, Gu- [17], and lateral interactionsl8,19.
lari, and Barsha@i8], who proposed the popular ZGB model,  The results we are going to present here suggest possible
and has continued attracting the attention of researchers evaiternative explanations for these observed differences.
since[9]. Even if the ZGB model is oversimplified, it has ~ The work is organized as follows. In Sec. Il the model
proved to be useful in understanding the main features of and simulation method are described. Results for the kinetic
kind of IPT. The outstanding feature of this model is to Phase diagrams are presented and discussed in Sec. Ill. Sec-
present a reaction window delimited by a dimer-poisonedion IV is dedicated to studying the characteristics of the
state characterized by a second order IPT, at low monomd@wer and upper bound IPT’s through epidemic analysis, and
concentration(lower bound, and by a monomer-poisoned conclusions are given in Sec. V.
state characterized by a first order IPT, at high monomer

concentratior(uppe_r bouny The Iower b_ound IPT has been Il. MODEL AND SIMULATION METHOD
carefully characterized through epidemic analyi3] as be-
longing to the directed percolatiofDP) universality class The reaction model we propose here is a very simple

[11]. In spite of its amazing simplicity, the ZGB model had modification of the ZGB model to study the effects of a
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monomer contaminant species on the MD reaction.A.be Kinetics A

the monomerB, the dimer, andC the contaminant. We

, i For the adsorption and desorption rates we take, respec-
propose the following reaction steps:

tively,
Ya
) Ka=Yc(1—-6), kyq=Yc(1—-6)6c, 5
A(gas + site—— A(ads, (1) a= Yl ) ka=Yel )bc ©
1-Yp where 6 is the total surface coverage afg is the coverage
B,(ga9+2 sites—— 2B(ads, (2)  for speciesX. This kinetics, if C were the only species
present, would lead to complete saturation of the surface.
ka,d(YC)
C(gag +site « C(ads, 3 Kinetics B
w A different kinetics, leading to saturation in surface cov-

A(ad9 +B(ad§ ——— AB(gas+2 sites. (4) erage of specie€ below the monolayer iC were the only
species present, could be the following:

In the CO oxidation reaction, for exampld,is CO, B, is
0O,, ABis CO,, andC could be any impurity in the reactant
gases, for example, NN In the above reaction system the
contaminant specigS undergoes only adsorption-desorption As we shall see, even very small amounts of contaminant,
processes, being otherwise inert. Our model is a twosuch as those present in realistic reaction conditions, drasti-
parameter one, say,, andY.. We study two different ki- cally affect the reaction kinetics and the position and char-
netics for specie€. acteristics of the IPT’s.

ka=Yc(1—0), kq=Ycbc. (6)
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We study the behavior of the proposed system through If the chosen molecule is,Ghen there are two possibili-
Monte Carlo simulation by following closely the method ties. For kinetics A(a) a site on the lattice is chosen at ran-
used in the original ZGB mod¢B] with the obvious modi- dom; (b) if it is occupied, then the trial endég) otherwiseC
fications imposed by stef8). The catalyst surface is repre- is adsorbed; andd) another site in the lattice is randomly
sented by a square lattice of sites, with dimensibnsL  chosen;(e) if it is C, then it is desorbed, otherwise the trial
(L=100 in our simulationsand periodic boundary condi- ends.For kinetics B(a) a site on the lattice is chosen at
tions. The gas phase is represented by a mixture of the thrqgndom;(b) if it is empty, C is adsorbed; ofc) if it is a C,
reactant species with rr_10|e fractiolg, Yg, andYc, such  inenitis desorbedd) otherwise the trial ends.
that they sum up to unity.. _ A Monte Carlo stefMCS) consists ol X L trials, i.e., in

_A trial begins by choosing a species from the gas phasghe mean every site on the lattice has been visited for adsorp-
with probabilities given by. the respectl\{e mole fractlpns_. tion. For given values o, and Y¢, and starting with an

If the chosen molecule is, &hen(a) a site on the lattice is jnitial blank state, stabilization of the process is achieved
chosgn at random(p) if Fhat ;lte is already occupied, then gither when the total surface coverage O+ O+ ¢ is
the trial ends(c) otherwiseA is adsorbed; andd) the four ity or when it has not changed appreciably over the last
nearest neighbaiNN) sites are checked in random order. If 155 '\ics's. In all cases stabilization is achieved before 70
aBis found in any of them, then both sites are emptied and, 16 McCS's. In this way a plot of each species coverage

a reaction producB is accumulated. , _ and of the reaction ratR,g versusY , is obtained for each
If the chosen molecule is,B then(a) two adjacent sites value of Y.

are chosen at randonfy) if either site is occupied, the trial
ends;(c) otherwiseB, dissociates and adsorbs on those two

sites; andd) the §ix NN sites are chequd in random' order. IIl. KINETIC PHASE DIAGRAMS
If an A is found in any of them, then it is reacted with the
adjacenB, both sites are emptied, and a reaction prodgt We present and discuss our results for each of the kinetics

is accumulated. considered for the contaminant species.
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FIG. 4. Variation of the size of the reaction window as a func-
m 6,=0.0348 tion of the contaminant concentration, for kinetiss
(a) o g, =0.5380
* 6, =0.0896 +C)-poisoned state at the lower bound, and by an
(A+C)-poisoned state at the upper boy@], shrinks con-
ﬁ;@ tinuously down to zero.
. x In order to analyze these results we must recall that, as is
s well known from the ZGB model, thé-poisoned state is
q achieved through an abrupt growth of compAdslands(a
* condensation proceswhen criticality is approached. When
R o Y 5 is not sufficiently high, adsorption of the dimB, and
T the eventual reaction prevent the explosive growth of islands
= and the reaction is sustained. Let us see what happens near
. Y14 [for example,Y,=0.47 in Figs. 1b) and 2b), corre-
St sponding toY¢/YZ"'=0.13] when the contaminanC is
i 2 present. At an intermediate stage in the stabilization process,
where 6,=0.0348, §5=0.5380, andf-=0.089 [see shap-
shot in Fig. 3a)], the contaminant in the adsorbed phase is in
\ part dispersed among a seaB®fand empty sites while an-
other fraction is in contact with smahl islands. The former
m o,=0.2668 have negligible effect on the process since the adsorption of
(b) o 6, =0.2508 the monome® on empty sites next t8 is still highly prob-
% 6, =0.1492 able. In contrast, thos€ in contact with smallA islands

partially prevent the breaking down of the islands by adsorp-
FIG. 3. Monte Carlo snapshots of surface coverage Ygr  tion of the dimer, through a decrease in the adsorption prob-
=0.47 and Yo=1x107, for kinetics A: (a) after 30 ability of a dimer in their surroundingstwo sites are

X 10° MCS's; (b) after 50x 10° MCS's. neededl In a sense, we could say th@tfavors the nucle-
Kinetics A
As shown in Fig. 1, the behavior of the steady state cov- °[ 1 T >
erage and that of the reaction rate as a functiory gfare i \ s 178
strongly affected by the contaminant concentration(dn osk 1 T B
for Yc=0, we have the classical ZGB behavior with a sec- ¢
ond order IPT alf;,=0.3892+0.005(for Yo<Y 5 thereisa  s°
B-poisoned staje and a first order IPT atY,,=0.525 o o5k
+0.001 (for Y,>Y,4 there is anA-poisoned stateand the =
reaction window between these two values.Wsincreases (B Reactive Zone A+C A
[(b) and(c)], the low Y, IPT remains unchanged, with the 03}

only exception that near,, a few C particles also contrib-
ute to theB-poisoned state, while the high, IPT becomes | \
smoother and continuously moves to the left until the reac- 0.0 L e

. . . . 0.38 0.40 0.42 0.44 0.46 0.48 0.50 0.52 0.54

tion window completely disappears (d), when the contami- v

nant concentration reaches a critical val§'~7.5x 1077 A

for the assumed kinetics. The behavior of the reaction win- FIG. 5. Phase diagram for the contaminated monomer-dimer
dow can be better appreciated in Fig. 2, where only the totaleaction, for kineticsA, showing the different poisoned regions and
surface coverage has been represented as a functigp.of the reaction region. The inset shows an enlargement near the lower
The reaction window(broken line$, delimited by a B bound of the reaction window.
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ation and growth of these islands. As the process goes on, gt ygit, where the window disappeard Y, behaves as
aStage WherGA202668,03202508, and9(;=. Ol492[see AYAOC(Ygit_YC)gy with g: 2.83+ 023, g|v|ng a critical
snapshot in Fig. @)], A islands are much bigger, with an value Ongit:(7.5i 0.2)x10°7. Figure 5 shows the phase

appreciable amount o trapped inside and another fraction fdiagram for the reaction considered, with B@oisoned, the
in contact with their borders, while the situation in the sea o (B+C)-poisoned (in the insel, the reactive, the

B aqd empty sites |s_S|m|Iar to that correqundmg to the(A+C)-poisoned, and thé-poisoned zones.
previous stage. All this results in a multiple island nucle-

ation, growth, and coalescence process leading continuous(le}/ For the kinetics considered, we conclude that very small
to the A-poisoned state, with som@ embedded inside, end- mountgvestige$ of contaminants lead to drastic changes in

ing up with coverages given bg,=0.8424, 65 =0, and . the reaction process and to the disappearance of the reaction

=0.1576. The overall effect of the contaminant is then towmdow'

make the reaction process near the upper bound appear as o

that corresponding to a higher effectioncentration. This Kinetic B

explains why the reaction window shrinks, by shifting the  While for kineticsA only the upper bound IPT is affected,

upper bound to the left while the lower bound remains unaffor kinetics B we find that both transitions are. From Fig. 6

fected. we see that the presence of the contaminant again smooths
The form in which the reaction window Y, shrinks as a the upper bound IPT, but now it modifies not only the posi-

function of Y is represented in Fig. 4. In the neighborhoodtion of the upper bound IPT but also that of the lower bound
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FIG. 7. Position of the upp€/®) and lower(Hl) bounds of the 3 _ A
reaction window for kineticd as a function of contaminant con- I
centration. 5 |
I P
IPT. For low enoughYc, say below 10 °, the lower 1F T -
bound stays constant while the upper bound shifts to the left = [
As Y increases further, both bounds shift to the left and for «& = | 0'0 ’ —-—-"21’6;5_6':% -------- "'"""';OX' 107 Y
high contaminant concentrations the lower bound shifts 1k ' ’Tl ' ' ¢
faster than the upper bouridee Fig. 7. This results in the :
variation of the width of the reaction window shown in Fig. 2 4
8, where it is seen that the reaction window decreases ini- [ *

tially, passes through a minimum aroudg=1x10"°, and
then increases again slowly. FIG. 9. Critical exponent$ and 7 as a function of the contami-
The shift in the upper bound can be analyzed by followingnant concentration, for kinetics: (a) at the lower bound of the
closely the arguments used in the case of kingtiosith the  reaction window the IPT is second order with constant exponents
obvious difference that the shift is much smoother due to thend nearly belongs to the DP universality clads; at the upper
characteristics of kinetidB. If the contaminant concentration bound the IPT is first order at zero contaminant concentration and
were increased far beyond the value shown in Figs. 7 and &hanges to second order as the concentration increases.
the reaction window would eventually close due to an abrupt

shift of the upper bound to the left. ing the reaction even at low concentrations for sufficiently
It is interesting to note that the lower bound of the reac-high Y. This behavior provides an alternative explanation

tion window seems to decrease with no limit towafg)=0  for the fact that an oxygen-poisoned state is not found in the

as the contaminant concentration increases. In fact, thiso oxidation reactiof12].
should be so, given that the particular kinetics considered for
C is such that adsorbed can always be removed, providing IV. THE NATURE OF THE PHASE TRANSITIONS
free sites for the adsorption éfto react withB and sustain-

Finally, we investigate the nature of the phase transitions

at the lower and upper bounds delimiting the reaction win-
044 L dow. In order to avoid the large fluctuation problems arising
" near criticality[9], we make use of the epidemic analysis due
to Jensen, Fogedby, and Dickmft0] and the method of
012 | \\\
< TABLE |. Values of the critical exponents and » near the
z N\ lower and upper bound IPT’s for kinetiés
0.10 | N
Ye
P 0 1X10°® 1x1077 4x107 7.5x10°7
0.08 - . L
.. o Lower bound
T 7 +0.22 +0.25 +0.25 +0.26
0.06 Lol il sl siiad 3o e sl s s s o o +0.46 +0.42 +0.43 +0.42
10™ 1x10° 1x107 1x10° 1x10° 1x10” Upper bound
Ye 7 —2.54 —-1.69 —-0.90 —0.25 —-0.14

FIG. 8. Variation of the size of the reaction window as a func- ° +3.71 +3.35 +1.57 +1.01 +1.00

tion of the contaminant concentration, for kineti8s
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::M%E

1

fiiaintnseii Kinetics A
mt*hg: : inetics
YY) The behavior of the critical exponents and » at the
oo lower bound IPT are shown in Fig(® for different values
(b) O 65=05270 . .
% 6,=0.1802 of Y¢. They appear to be nearly independent of the contami-
nant concentration and their values are close to those ob-

FIG. 10. Monte Carlo snapshots of surface coverage after 2.52n€d by Jensen, Fogedby, and Dicknia] for the pure
X10°MCS's: (a) Yo=0.48, Yc=0.975<10""; (b) Y,=0.405, <GB model (see _also Table)_lcorrespondmg_ to a _seconql
Yo=3.9x10". order IPT belonging to the directed percolation universality

class. In our case we could say that the DP universality is
Evans and Miesch21,27 to estimate critical exponents. At nearl_y conserved. This is not an unusual result sinc_e it is
the lower bound, we start with a lattice completely coveredPossible that uncorrelated spatiotemporal quenched disorder,
with speciesB except for a single empty site at its center. like that introduced in the system by the presenc€ ahder
Then we measure the survival probabiliB(t), i.e., the kineticsA, may not disturb the DP critical behavior on large
probability that the lattice is not completely poisoned afterscales/11].

time t, and the average number of empty silé&). These For the upper bound IPT, estimations of the critical expo-
quantities, before they reach their asymptotic behaviorNents as functions ofc are shown in Fig. ). Here we find
should scale as a drastic change in the characteristics of the IPT: Yer
=0, the pure ZGB model, the results are in concordance with
P(t)oct™?, (7) those obtained by Evans and Mieg@41,22 and characterize
a first order IPT; asY increasesg decreases whiley in-
N(t)ect?, (8)  creasegbecomes less negativentil they become nearly sta-

tionary. It is interesting to note that critical directed percola-
A unit of time is represented by 1 MCS following the trial tion processes can be generated by using properly correlated

procedure described in Sec. Il and for each time the meahnitial conditions, in such a way that the time behavior of the
sured quantities were averaged ovex B realizations of ~empty site density may present a critical expongmanging
the process. A similar analysis is performed at the uppefrom negative to positive valug23]. However, the connec-
bound, except that we start with a pair of nearest neighbotion of this observation with our results is not clear. On the
empty sites embedded in a lattice covered by spekidhe  other hand, Evans and Miesg¢R1,27 find that near the up-
results depend on the kinetics considered for the contaminaiier bound IPT for the ZGB model the exponehtdecreases
species. and the exponeng increasegbecomes less negativerhen
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TABLE Il. Values of the critical exponents and » near the lower and upper bound IPT's for kineti&:s

Ye
0 1x10°° 1x10°° 1x102 2x10°2 5x10° 7 1x10°¢
Lower bound
7 +0.22 +0.26 +0.21 -0.25 -0.21 -0.19 -0.16
8 +0.46 +0.43 +0.44 +0.50 +0.46 +0.44 +0.37
Upper bound
7 —2.41 —-0.62 -0.71 -0.38 -0.35 -0.33
5 +3.79 +2.00 +2.06 +0.94 +0.63 +0.74

the reaction rate is decreased fronto a finite value. There- A: §decreases anglincreases wittY . The explanation is
fore, following their analysis, we can conclude that the varia-similar to that given for the case of kinetiés(a decrease in
tion of the critical exponents obtained in Figh®is due to  the effective reaction rate

the fact that the presence of the contaminant species de-

creases the effective reaction rate through the same topologi- V. CONCLUSIONS
cal mechanism affecting the growth Afislands explained in | h ined the ch in the kinet
Sec. lll. In particular, we find that the IPT at this upper . N summary, we have examined the changes in the Kinet-

ics of a monomer-dimer catalyzed reaction, represented by
: . ... the ZGB model, produced by the presence of vestiges of a
order (for Y<>0); however, this second order transition is contaminant species in the gas phase, which only undergoes

determined, through the analysis of critical exponents, not tQ ¢4 rption-desorption processes, being otherwise inert. A
be in the directed percolation universality class. This changg., variety of behaviors in the reaction kinetics is found,

in the order of the phase transition is in concordance with OUfiepending on the kinetics assumed for the adsorption-

poisoned state is reached through a continuous process ghdB).

nucleation, growth, and coalescence of islands, rather than |n all cases, the first order IPT predicted by the ZGB
through an explosive growth of a compact isldedndensa- model at high monomer concentration is transformed into a
tion) as happens in the original ZGB model. Snapshots of th@econd order IPT, which does not belong to the DP univer-
adsorbed phase fafc=0.8x 10" (where critical exponents  sajity class. This finding provides an alternative explanation
vary strongly and for Yc=4.0<10"" (where they level for one of the features observed experimentally in the CO
out), for values ofY, just above the IPT and after the same oxidation reactior{the upper bound IPT is second orfler
number of MCS’s (2.5 10°), are shown in Figs. 18) and For kineticsA, the second order IPT at the lower bound is
10(b), respectively. A bigA cluster can be observed {@), not affected by the contaminant and is found to belong
while in (b) we only have a number of small islands, sug-nearly to the DP universality class, the upper bound IPT
gesting that in the first case the process looks more like ghifts to the left, and the reaction window shrinks and disap-
first order transition while in the second case it looks morepears completely at a critical contaminant concentration. For

bound has changed from first orddor Y-=0) to second

like a second order one. kinetics B, the positions of both IPT’s are affected by the
contaminant in such a way that the reaction window initially
Kinetics B shrinks, passes through a minimum, and then widens

slightly. The lower bound second order IPT is found not to
belong to the DP universality class and continuously shifts
toward very low monomer concentrations. This behavior
provides an alternative explanation for another feature ob-

Figure 11 and Table Il show the behavior of critical ex-
ponentsé and 7z as a function ofY ¢ for the case of kinetics
B. At the lower boundFig. 11(a)], while § remains approxi-
mately constantnear the value corresponding to the DP uni- . . o .
versality clasg #z decreases initially very fast and then sta- served expenmentally in the CO oxidation react(tmere is
bilizes to a negative value. This indicates that the dimer™© oxygen-poisoned state
poisoning process no longer belongs to the DP universality
class in spite of the fact that it is still a second order IPT.
Therefore, we have here an example of a spatiotemporal This research was partially supported by the Consejo Na-
quenched disorder affecting the universality of the DP pro<cional de Investigaciones Ciéfitas y Tenicas(CONICET)
cess at criticality. At the upper bour#fig. 11(b)], the criti-  of Argentina. The authors would also like to thank their col-
cal exponents behave in a similar way to the case of kinetickeague V. Pereyra for helpful discussions.
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