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Some mechanisms of the reduction reaction of NO by CO on rhodium are analyzed and discussed, solving
the kinetics equations and using Monte Carlo simulations, in terms of its ability to interpret the recent
experiments of Zaera et al., who used a molecular beam method to study experimentally the kinetics of the
reaction. Critical use is also made of the information on rate constants available for this system in the literature.
Uniform catalytic surfaces and the statistical incipient percolation cluster (IPC) fractal are considered in the

simulations.

Introduction

The catalytic reduction of NO by CO (CENO reaction) on
noble metals, especially rhodium supported on silica and

alumina, has been studied extensively over the last 20 years

because of its importance in catalytic converters used to control
NO, emission from mobile sources such as automotive exhaust
gases. This reaction has also been one of the classical prototype
surface reactions which under flow conditions are good ex-

amples of nonequilibrium systems that show interesting behav-

iors such as dissipative structures, oscillations, kinetics phase

transitions, and so forth, as has been very well reviewed by
Evans? Zhdanov? and Albandg! These aspects have been of
great interest to our research group for several years, both in
our experimental wofkand in the lines in which we use Monte
Carlo (MC) simulation&and theoretical developmehts study
basic aspects of the dynamics of irreversible systems.

In this paper, we would like to consider some recent

developments related to a series of molecular beam studies

carried out by Zaera and co-workérat the University of
California on the CG-NO reaction on rhodium, which appar-
ently reveals the formation of the (NNO)* intermediate as a
requirement for the production of molecular nitrogen, in addition
to the formation of N-islands on the surface. Under these
assumptions, Zaera, in collaboration with the group of Zgrablich,
have carried out MC studig& assuming a new mechanism for
the CO-NO reaction that considers the existence of the (NNO)*
intermediate and excludes the recombination of adsorbed
nitrogen as the main compound responsible for the production
of molecular nitrogen, as had been proposed frequently in
previous kinetics mechanisms.

Considering the interest derived from the new situation in
the controversial history of the mechanism of the - &0
reaction, in this paper, we would like to discuss some aspects,
consequences, and possibilities of the mechanism taking into
account the new experiments, particularly in relation to possible
magnitudes of the experimental rate constants, in contrast with
the above-mentioned model studied by MC in which arbitrary
constants have been assumed, allowing only a qualitative view
of the system’s behavior which could also be far from reality
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in the laboratory. By solving kinetics equations and using MC
simulations, the behavior of the mechanisms on a uniform
catalyst and on the statistical incipient percolation cluster (IPC)
fractal will be studied.

Reaction MechanismOver the years, a series of mechanisms
have been proposed for the €O reaction in a history that
has not lacked arguments, particularly in relation to the
production of N and NO which, together with Cg) are the
typical products seen in this reaction. Among the most
representative work in this relation, the following old papers
by Hecker and Belt! Oh et al.}2and later those of CA&should
be mentioned. Then, as a result of experimental work with
rhodium, Permana et &. and Peden et &P proposed a
Langmuir-Hinshelwood (LH) type mechanism for this reaction
that has been largely accepted in current literature and which
we have called mechanism 1 in Table 1, where CO(a), NO(a),
N(a), and O(a) are the species on the surface. Recently, Chuang
and Tand® have suggested a new mechanism that takes into
account the existence of the positively or negatively charged
NO species RRNO"™ and RR-NO~ on the surface, which
would describe the behavior of the €O reaction on
supported Rh catalysts. Research on this mechanism is very
recent, however, and the values of its kinetic constants are still
unknown.

In a joint paper, Zaera and Zgrablich ef&have considered
a model that will be of special interest in this work, in which
two steps of mechanism 1 are replaced by the formation,
desorption, and decomposition of an intermediate species
(NNO)*. Table 1 also shows this model, which we have called
mechanism 2. The authors also include an ElRydeal (ER)
type step for the formation of the intermediate that will not be
considered in this paper.

With the proposed mechanism, Zaera and Zgrablich carried
out an MC study of the system’s behavior assuming arbitrary
rate constants for the elementary steps. In the literature, however,
various mechanisms have been published which include steps
that may be homologized with those proposed in mechanism 2
and whose kinetic constants have been determined in the
laboratory under various experimental conditions. For example,
Granger et al? studied the C&NO reaction on Pt and Rh
considering a mechanism similar to that of mechanism 1,
including additionally the production of delta nitrogen as a result
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TABLE 1: Mechanisms of the CO—NO Reaction Used in the Paper
Mechanism 1

co +sereks 000, CO(g) +O(g) ——>COy +25
k, .k, k
NO +8 ¢«—*=—NO(a) 2N(g)——N3 +28
NO(a)+ S—E——N(a)+0,
@ @75 NO(g) + N(a) — X N0 425
Mechanism 2
k,.k, k
CO +S—2—CO(y) CO(a) + O(a) —*—CO2 +28
NO+S XKKe | NOG@) N(a) + NO(a) —=—(NNO)" + S
*_ ky
NO(a)+$ —X S N@)+ O(a) (NNO) —=—Ny0 +8
(NNO)" —X 5N, + O(q)
Mechanism 3
k. .k k
CO +8——=—CO0(y) CO(a) + O(a) —*—CO2 +28
k,,k k,
NO +S¢———NO(y) NO(g) + Nz ———>N20 +28
K,
NO(a) +S L} N(a)+ O(a) NO(a) +N(@@)—2—N, + O(a) +S

of the reaction of NO(a) and N(a) on the surface. This step, neither are its formation and desorption constants known. In
which had been considered previously by Oh é€dlased on this paper, we will analyze the results obtained with mechanisms
studies of TPE? and which identifies two different pathways 2 and 3, discussing several experimental values from the
for the formation of N, has been objected in later papers literature for their elementary steps.

published by Permana et #land Peden et &P The formation The results obtained for the phase and production diagrams
of delta nitrogen is also included in some mechanisms proposedof the cases that will be detailed were determined for each
for the reduction of MO by CO (CG-NO reactiony:9-23 mechanism from the analytic solution of the model’s kinetic

The above considerations have led us to analyze the stepsquations under the assumption of a quasi-equilibrium regime
that we have called mechanism 3 in Table 1 for the-OND for the adsorptiorrdesorption steps of CO and NO in the range
reaction. This mechanism is a consequence of the exclusion ofof kinetic constants that will be used. This is a good approxima-
the beta nitrogen step, as a result of which theaNd the NO tion in these cases, as we showed in a recent paper

must be produced between the NO(a) and the N(a) on the surfacanechanism 1 of PederPermana, where the results obtained
through step 8 for BD and that of delta nitrogen for that of  under these assumptions were identical to the time-independent
N2. In this paper, it is shown that this hypothesis interprets steady-state values of the coveray®f the adsorbed species,

reasonably the experimental production data of Periamal determined by integration of the differential equations for the
predicts the superficial nitrogen of the experiments of Zaera et conservation of thed; species. In Appendix A, we have
als developed the main aspects of the analytic solution of the kinetic
] ) equations and the expressions for the coverages and productions
Results and Discussion used in the paper.
Analysis of the Experimental Kinetic Constants.The main Table 2 gives the experimental values of the rate constants

objective of this work is to analyze the results of a kinetic model ki used in this paper, with the corresponding references. Given
for the CO-NO reaction that uses rate constants whose constantk;—ks andke of Table 2, we have fitted constakg
magnitudes are of the order of those obtained in laboratory with mechanism 3 to the experimental results published by
experiments and in which the model is qualitatively in agreement Permana et dt! for the CO-NO reaction on Rh(111) at 623 K
with the recent experiments of Zaera et ah rhodium. Inthese ~ and at CO and NO pressures in the gas phBge,and Pco,
experiments, it was found that when &N-covered Rh(111) equal to 8 Torr, with the purpose of keeping a link between
surface is exposed #8NO + CO beams, the molecular nitrogen our analyses and the order of magnitude of the laboratory
produced always contains at least dfi¢ atom. These results ~ experiment. Since in the literature there are no valuesdor
indicate that the molecules 8INO are always involved in the  the constant for the formation of (NNO)* in mechanism 2, we
formation of molecular nitrogen, thereby excluding the bkga ( have considered its value to be infinite (instant production of
nitrogen step proposed in mechanism 1 of Table 1. (NNO)* in the MC simulations and sufficiently high values in
Even though mechanism 2 proposed by Zaera and Zgra-the solution of the kinetic equations).
blich®10is qualitatively in agreement with these results, there ~ With respect to the constants of the last two steps of
is no experimental evidence of the (NNO)* intermediate and mechanisms 2 and 3, two extreme values have been published



Reduction Reaction of NO by CO on Rhodium

TABLE 2: Kinetics Parameters from Rh(111) Used in the (@)
Paper 100 -
activation energy  frequency factor

event E; (kcal/mol) vi (s7Y) refs 80 1
CO desorptionky) 31.6—4.59c0— 100y 1.6 x 104 12
NO desorptionKs) 29.7 4.6x 104 25 & 60
NO dissociationks)  17.5+ 20no 3.3%2.1)x 1010 25 S
CO; production kg) 14.3 102 12 E 40 4
N beta productionky) 32.6-90n—300 4 x 1012 12
N,O dissociation 17.5 6.5x 103 20
(a1, k12)-l 20 4
N delta production ~ 21.0 2x 10° 12
(Ky1, ki)-11 0

a Optimum value obtained with the experimental data of the reference

for T = 623 K, Pco = Pno = 8 Torr. Yco

in the literature that can be associated with those steps and we
have analyzed these values in this study. One of them is a high
value of the rate constant, which we have callld,K;2)-I in
Table 2, which corresponds to the dissociation step gD N
determined by Belton et &f.in his experiments on the (CO
N2O) reaction. This case would mean homologizing the
intermediate species (NNO)* of mechanism 2 with the adsorbed
particle NO(a). Using the same value in mechanism 3Kgr
would involve the assumption, however, that the dissociation
of the adsorbed pO and the reaction between N(a) and NO(a)
lead to the same intermediate chemisorbed species, an assump-
tion that is not obvious in this case. This situation is illustrated
in Figure 2 for mechanism 3 and in Figure 7c for mechanism
2, results that contradict the experiment, as will be seen below.
Thesv_e results and the analysis of I_:igu_re 4a show the convenienc;c_igure 1. (a) Production R.yco) and (b) phase diagrantfyco) in
of using a small value for the kinetic constant, such as that ye gteady state for mechanism 1 and the constants given in the text
corresponding to the production step of delta nitrogen, which and in Table 2 at 623 K: @) 6co; (®) Ono; (0) On; (W) 6o, (A) Feoy,
we have calledlq,kio)-11 in Table 2 and which has been used (®) r,; () rn,o. The lines have been drawn to guide the eyes.
in the literature by Oh et df and by Granger et &f.in studies ) ) .
of the CO-NO reaction. Thek;1,kio)-1l constant has been used Equation 1 makes it possible to use the data of Permana et
especially in this paper, allowing a reasonable interpretation of al-** at 623 K for the selectivitySy,o, defined by
the experiments with mechanism 3. _

Constantks, on the other hand, is determined from constant SNzO - erol(er + ero) @
ki> by means of

Yco

determiningks as a function okj,, in the two cases in which

M Jno = KidKg (1) we are interested, from
which was obtained directly from the expressions for the ks = K128,0/(1 = S,0) 3)
production of N and NO in mechanism 3.
Granget’ considers in one of his papers for the €R0 Expressions similar to the above relate constaptaindkiq in

reaction over Rh a mechanism the same as mechanism 1 ofmechanism 2.
Table 1, adding step 12 of mechanism 3, for which, applying  Results of the Solution of the Kinetic EquationsThe phase
the quasi-steady-state approximation to N adsorbed species, hand production diagrams shown in the paper extend to the whole

gets the equation range of CO concentrations in the gas phase,= pco/(Pco
+ pno), assuming a total pressure equal to 16 Torr. Even though
4rN2 ki, + Kg 8k-ks 3k, there is always some degree of arbitrariness in the assumptions
+1= 1+ 0 made, what we have attempted to do is to observe the behavior
'O ks \/ (Kpp + Ke)AnoP kg : . PLe . navi
2 12 NO' NO (1) of the new reaction mechanisms using values for the kinetic
and selectivity constants of the same order of magnitude as those
This expression is identical to eq 1 above if tHel8/((ki2 + found in the laboratory experiment. This is different from the
ks)*AnoPno) ratio is very small, which happenskf andks are choice of arbitrary constants, which is typical of the line of

small compared td;, and kg or the equilibrium constant for  theoretical work often published in physics journals, including
the adsorption of NO on Rh.o) is high, consistent with a  some by our own group,;*?®even though their objectives may
low adsorbed nitrogen value compared to NO. In the case of be somewhat different.

mechanism 3, it does not require a higlp since the expression In the first place, in Figure 1, we will illustrate the phase
is small because the beta nitrogen step-¢ 0) either does not  and production diagrams of the GOIO reaction assuming the
exist or is negligible, so the formation of nitrogen isles that model of PederPermana described by mechanism 1, consider-
takes place using mechanism 3, as will be shown below, is ing thek; constants of Table 2, including const&aisuggested
coherent regardless also of the competition between the expectedby Belton et aP® for this mechanismig = 5.3 x 108 s, Eg
adsorption of NO and CO in favor of NO on Rh according to = 34.1 kcal mof?). These results do not interpret the production
Granger’ kinetics data obtained by Permahan his experiments at 623
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Figure 2. (a and b) Same as Figure 1 but for mechanism 3, Witftorresponding to case | given in the text. (c and d) The same as parts a and
b in the region of low concentrations g&o. The lines have been drawn to guide the eyes.

K for the CO-NO reaction on rhodium. On the other hand, the of NO(a) next to a vacant site dissociates, producing N(a) and
mechanism considers the beta nitrogen production $gp (  O(a) and allowing the reaction to proceed.
contradicting the experiments of Zaera et akith labeled The phase diagram of Figure 3b shows a marked difference
nitrogen atoms. with the previous one, since in addition to the CO(a) and NO-
Since mechanism 1 does not allow for the interpretation of (a) species there is a large amount of N(a) which however does
the experimental information, let us explore the possibilities of not produce a large alteration in the productions. This situation,
mechanism 3 for studying the problem. Figure 2 shows the phasecaused by the clear difference in the valu&kgfin both cases,
and production diagrams of the €®IO reaction obtained from  which will be discussed in greater detail in the next section, is
the analytic solution of the kinetic equations of mechanism 3 of interest in relation to the experiments of Zaera et alhich
in case |, wherék, is assumed to be equal to the dissociation point to the existence of extensive nitrogen isles on the surface
constant of MO, and Figure 3 in case Il, wheke; is considered that are not reflected in the results with the data of case I.
equal to the production constant of delta nitrogen. The results  parts ¢ and d of Figure 2 show the phase and production
for the first case, corresponding to high valuekgf coincide  diagrams corresponding to parts a and b of Figure 2 for low
exactly with those obtained from MC simulations assuming a concentrations of CO in the gas phase, where an interesting
uniform surface. In the second case, the low values olead maximum is obtained in the production values corresponding
to differences with the MC results, an aspect that will be to a maximum of surface No(a) As the Concentratiory&f
discussed in the next section. It is interesting to note that in the decreasesy production drops’ together with an increase in O(a)
two previous cases productions with similar orders of magnitude yntil the surface becomes poisoned with oxygen and the system
are obtained, with a slight maximum in the case of Figure 3 for pecomes inactive. The appearance of surface CO(a) when the
high values of/co. However, the phase diagrams in both cases magnitude ofyco increases leads to a decrease in the concentra-
are quite different. tion of O(a), leaving space for the adsorption of NO. Coverage
In the case of Figure 2b, the phase diagram shows thatby NO reaches a maximum value in the region of highest
practically the whole surface is covered with adsorbed CO and production, where O(a) practically disappears from the surface
NO, with a region rich in NO(a) at low values for the at high concentrations gf-o because CO(a) increases. Parts ¢
concentration of CO in the gas phase and another one rich inand d of Figure 3 show the case of low concentrations of CO
CO(a) at high values, while the magnitudes of the rest of the with the parameters corresponding to parts a and b of Figure 3.
adsorbed species are negligible. The very low values obtainedThis case is different from the previous one because even though
for the vacant site fractiofis show that the process of the €O the productions have similar values, the phase diagram shows
NO reaction in this case takes place on a small fraction of the the existence of adsorbed nitrogen that is not removed suf-
surface corresponding to these vacant sites, which occur inficiently fast from the surface due to the lower valueskef
various places of the surface due to the desorption of CO(a) andks corresponding to case Il. This situation will be discussed
and NO(a). The activity of the process occurs when a molecule in greater detail below.
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Figure 3. Same as Figure 2 with the data of case Il given in the text. The lines have been drawn to guide the eyes.

Figure 4 shows the effect of changing some of the kinetic  Finally, parts e and f of Figure 4 show the effect of changing
parameters in the phase and production diagramgfo= 0.5. ks, the dissociation constant of NO assuming case Il for the
This illustrates the usefulness of getting analytic expressions value ofk;,. Here it is seen, for example, how the production
for the kinetic mechanisms, allowing for an easy conceptual values are strongly altered over a narrow range of the constant
study of the rate constants as well as the determination of thein the region in which the surface species CO(a) and NO(a)
degree of sensitivity to the results, pointing to the care that must undergo a decrease at the expense of the appearance of adsorbed
be placed in determining the experimental values of the rate nitrogen, which at higher values & ends up poisoning the
constants. The case of mechanism 3 is used as an illustrationsyrface when the destruction steps of this substance fail to make

Parts a and b of Figure 4 show the effect of changing constantup for its production.
ki, which has to do with the reactions between NO(@) and N(@),  \jonte Carlo Simulations. Kinetics equations, like all mean
showing that over a wide range this constant does not have anyje|q models, assume implicitly a homogeneous distribution of
mflgenc;}a onhproductlo”r_\ oron thefst;]ucture of th_e s_urfahqe, indi- the adsorbed species, setting a limitation to the model and its
cating that the controlling step of the process is, in this case, . ; : ;
the d?ssociation of NO(a?. Thig situatiopr: is the one that corre- d|fferenc_e with Monte C_Zarl_o s!mulatlong. However_,_ both ap-

proximations tend to coincide if some kind of mobility of the

ipor;dilioa(;aie tLgl}grmg?:r?lgfzgféaq% a;lqow \:ﬂﬁes.ﬁ) fbe species is established during the development of the simulations,

12, SUCT n lon d nitrogen, which wi such as an active diffusion of the adsorbed species, for example.

studied in detail in the following section, is there an important : . S :

influence of this step of the mechanism, which means that if Th!s _has not been included in this paper to r_etaln the_cha_rac-

constank;, continues to decrease, production will decrease and teristics of the models ar!alyze.d, which dp not. mplude diffusion

later vanish due to poisoning with N(a) that is not removed stages. In those cases in which there is coincidence between
the mean field models and the Monte Carlo simulations, the

from the surface. . . .
Parts ¢ and d of Figure 4 show the effect of chanaing constant mobility of the system’s components is determined by the fast
. 9 . 1anging adsorption and desorption, which produces an effect similar to
ko, corresponding to desorption of CO, assuming the value of e .
the diffusion of the adsorbed species.

ki» of case II. An interesting effect is the maximum seen in
production. It is clear that low desorption rates lead to poisoning ~ For case |, corresponding to high valuesgf the results of

of the surface with CO(a) without having production, while at solving the kinetic equations and of the MC simulations, whose
high values, the surface is poisoned with O(a) because there isdetails are given in Appendix B, are in agreement, and in this
no CO(a) with which it can react, since the latter is desorbed at case, the results of both mechanisms also agree. Even then,
a high rate from the surface. Only at intermediate rates is therehowever, the MC simulations provide additional information
an adequate compensation for production to occur and thatthrough the snapshots. In other systems, where there is no
accounts for the maximum mentioned above. In this region, the coincidence or when the catalyst is made of a disordered surface
existence of N(a) is also seen. such as the IPC, the usefulness of the simulations is clear.
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Figure 4. ProductionsR;, and concentrations);, for the changes in the various kinetics parameters for mechanism 3 at 623 K with the constants
not shown equal to those of Figures 2 and 3 Bad = Pno = 8 Torr. (a and b) Changes of const&nt (c and d) Changes of desorption constant

k2 of CO for ki corresponding to case Il. (e and f) Changes of dissociation corgtahNO for k;» of case II. The lines have been drawn to guide
the eyes.

The results of the phase and production diagrams of mech-vacant sites distributed over the whole surface, around which
anism 3 on a surface assumed to be uniform are shown in partshe reaction occurs.

aand b of Figure 5. They were determined by MC simulations,  |n the case of the low constants of case Il and a uniform
with data corresponding to case Il for low values of constant surface, there is an increase of N(a) with the increasg-gf

ki. Parts ¢ and d of Figure 5 show the same case when thepecause as NO(a) decreases, as seen in the expression of Table
catalytic surface corresponds to the IPC. In this case, the 2, the activation energy for the dissociation of NO(a) decreases,
simulations and the solution of the kinetic equations give increasing the production rate of N(a), which is not consumed
different results. In this mechanism, the NO(a), supplied from fast enough due to the low values kab andks. In the region

the equilibrium by the NO in the gas phase, provides adsorbed of highyco, the increase of N(a) succeeds in isolating the surface
nitrogen through the dissociation of NO(a) which in turn is O(a), which does not find CO(a) with which to react, leading
consumed, reacting with the NO(a). It is natural, therefore, that to poisoning of the surface with adsorbed nitrogen and oxygen
if constantsk;, and kg are high, as happens in case | fqp, at yco greater than 75%. This does not happen with the
represented in Figure 2, then no N(a) is seen to exist on thecalculation of the kinetic equations as in Figure 3, which always
surface because it is consumed almost completely, but it doesassumes an average situation of the surface configuration, so
appear when these constants are low, as in the case of Figurethat there will always be some probability that the adsorbed
3 and 5. Figure 7a represents the snapshot corresponding tmxygen will have some neighboring CO(a). This results in the
mechanism 3 and case Il, showing the large amount of adsorbedohase diagram of Figure 3, with an ever increasing N(a) fraction
nitrogen that accumulates on the surface, as well as the fewand a negligible fraction of O(a) on the surface.
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Figure 5. (a and b) Same as Figure 2 for mechanism 3, Witircorresponding to case Il obtained from MC simulations. (c and d) The same but
on the IPC. The lines have been drawn to guide the eyes.

Parts ¢ and d of Figure 5 show the case of the same systemexplained because the effect of the decrease in the concentration
discussed above when the catalytic surface is the IPC fractal.of NO(a) on the formation of (NNO)* is made up by the increase
Figure 7b shows the snapshot, in this case in the region poisonedn the production of N(a) in the dissociation step of NO(a) due
with N(a) and O(a), due to the same considerations commentedto the drop of the activation energy, as shown in Table 2. In
in the case of a uniform surface. This surface has often beenthe case of the IPC, however, the formation of (NNO)*, which
used after the first papers by Albdrto homologize theoretically ~ requires the neighborhood of N(a) and NO(a), is hindered by
a disordered surface such as in the case of a supported catalysthe lower coordination of the active site on the surface. This
As expected, a behavior qualitatively similar to the previous accounts for the continuous decrease of the production curves
one can be seen, but with a smaller production than in the casein the case of the IPC that is not seen on the uniform surface
of the uniform surface, which is homologized with a crystalline because, according to mechanism 2, production is proportional
catalyst, since the coordination number of the active sites is to the (NNO)* fraction. Figure 7c shows the snapshot obtained
smaller, making difficult the action of those steps of the for this mechanism with the data of case | and a uniform surface,
mechanism that take place between nearest neighbors (nn’s) oind the intermediate species (NNO)* is not seen in it because
the catalyst site. In this case, the surface poisoning is observedof the high rates okip andky;, which annihilate it. It is also
at loweryco values due to the lower coordination number of interesting to see the few vacant sites around which the reaction
the surface. On the other hand, the continuous decrease of theccurs, immersed between the CO(a) and NO(a) species which
production curves in the IPC, in contrast with the uniform case, occupy the rest of the surface. On the other hand, Figure 7d
is due to the heterogeneous distribution of neighbors aroundrefers to the case of the IPC and the low rate of case Il for
the active site in the case of this fractal. mechanism 2, showing the (NNO)* surface species and a small

We will now consider the behavior of the system assuming fraction of vacant sites.
that mechanism 2 is valid, with the decomposition constant of It is important to note, finally, that no adsorbed nitrogen is
(NNO)*, ki1, which is unknown, equal to the data of case Il. seen in the case of mechanism 2, either at low or high Ahd
The solution of the kinetic equations in this case gave results N production rates from the intermediate (NNO)*, and at least
in agreement with those of MC for uniform surfaces. Parts a for the conditions studied, this means that this mechanism does
and b of Figure 6 show the phase and production diagrams onnot allow, as happens with mechanism 3, an interpretation of
a uniform surface, and parts ¢ and d of Figure 6 show those onthe experimental results of Zaera el &iyho found N(a) on
the IPC. the surface during the reaction.

In the first place, now one sees the existence on the surface )
of the intermediate species NNO*, whose superficial concentra- Conclusions
tion remains approximately constant with changegcefin the Through the solution of kinetic equations and Monte Carlo
case of a uniform surface and decreases with increasinm simulations, the mechanisms that attempt to interpret the recent
the IPC. In the former case, the constant valuégfo- can be experiments of Zaera et &bn the CG-NO reaction on rhodium
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Figure 6. Same as Figure 5 for mechanism 2 a’) Onnoy- The lines have been drawn to guide the eyes.

have been discussed, considering different experimental valuesAppendix A

for the rate constants published in the literature. The study was

made assuming a uniform catalytic surface and one consisting Analytic Solution of the Reaction Models used in the

of a statistical fractal, the IPC. A sensitivity analysis was also Paper. In a manner similar to the development shown in one
made of the kinetic constants, and the behavior of the config- Of our previous papef$for mechanism 1, we will synthesize

uration of the surface species during the reaction was made onthe equations used in this paper for the other two mechanisms.
both uniform and disordered surfaces. Since all of them assume that the CO(a) and NO(a) adsorbates

are in equilibrium with the gas phase, it is possible to write the

Several interesting aspects were found, particularly the fact .o 4tions

that on a uniform surface with a mechanism that does not
consider beta nitrogen, the results obtained interpret reasonably
well the order of magnitude of the production as well as its K. — Oco
constancy with pressure changes among the experimental data. €0 HPco
This does not happen with the mechanism published earlier by
Perman# and Peder? which assumes the existence of beta Oy
nitrogen. The existence of surface nitrogen seen in the molecular Kno = O<Pno
beam experiments of Zaera et &lgn the other hand, is
interpreted adequately by a new mechanism studied in this paper
(mechanism 3), which homologizes the one proposed by Bustos,Where the equilibrium constants are expressed as functions of
Zaera, and Zgrablich et &1° (mechanism 2), if a slow rate is ~ the coveragesico and o, and the partial pressuréco
assumed for the production steps ofNand N, equal to the ~ @NdPno of the gas phase, anfé represents the coverage of
rate of production of delta nitrogen, for example. This means the vacant surface sites. The procedure used consists of
that a mechanism like the one proposed can interpret the EXPressing the coveragésas functions ofjco, for which, if

. . . . . . . we define
experimental information published in relation to production,
as well as the new experimental information of Zaera et al.
referring to the composition of the adsorbed phase, if adequate
experimental kinetic constants are used. _ PnoKyo
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(A10)
(A11)
(A12)

COco
DO.o
ksOcofo
Ky 2OnoOn
KeOnobn

On
b0
F'co,
'n,0

I'N2

0o=1(1+A+B+C+D)
Relations for Mechanism 2.Similarly to the previous case,
we now consider the following conservation equations, the first
three of which represent the steady state for the surface species

Therefore, the productions are the following

it is possible to write

(A4)
(A5)
(A6)
(A7)
(A8)
(A9)

0

0

O; (V) = NO; (®) = N; (filled square inside open square) (NNO)*.

Abgo
Bbco
kB

P

KAB + k,AC

GNO
08

Os+ 0ot Oyt Oyt+0,=1

ksemoes - (ka + k12)0N09N
k59N008+ klZHNOGN - k6900‘90

Relations for Mechanism 3.In this case, it is possible to
write the following conservation equations, where the first two S0 that from eq A7 we have

represent the steady state for the surface spegigauiNl Qg

Figure 7. Snapshots of the MC simulations at 623 K corresponding to (a) mechanism 3, uniform sugfatease Il,yco = 0.625. (b) Mechanism
(dOn/dt = 0 and do/dt = 0)

3, IPC, ki, of case Il,yco = 0.875. (c) Mechanism 2, uniform surfade; of case l,yco = 0.5. (d) Mechanism 2, IP(k;; of case Il,yco = 0.5.

(v) = CO; (©) = vacuum; ©)
it is possible to write the relations

If we define the relations
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Na), Oy, and (NNO)*g) (don/dt = 0, ddo/dt = 0, and dnnoy+/
dt =0)

ksOnobs — KebnoOn = 0 (A13)
ksOnols + kllg(NNO)* — Koo =0 (Al4)
KeOnoOn — (Ko + kll)e(NNO)* =0 (A15)
Os+ Ocot O+ O+ 0o+ Ounoy =1 (AL6)
If we define the relations
kB
C=— (A17)
Ko
kAB
D=—— (A18)
Ko+ Ky
ki, + 2k;,)D
E— (kyo 17) (A19)
Ks
F=1+A+B+C +E (A20)
it is possible to write
On=COco Onnoy = D'6co” (A21)
—F + (F? + 4D")"?
0o=Ebco Oco= ( ) (A22)

2D’

where in eq A22 only solutions that makeo positive have
been considered. The productionsre the following

rco, = KeOcofco
'n, = k116 (unoy-
(A23)

M'no = K106 (o)

Appendix B

Simulation Procedure.The MC algorithm used in this paper

is similar to one used previously by our gréagor the CO

whereM; is the molecular mass of S is the corresponding
sticking coefficient, and the coefficiewmtis the area occupied
by 1 mol of surface metal atoms (3.2510° cm?/mol for Rh-
(1112)).

The MC algorithm begins with selection of the event. If it
corresponds to the adsorption of CO, a site is chosen randomly
on the surface, and if it is vacant, a @Qparticle will be
adsorbed. If the site is occupied, the attempt is ended. If the
adsorption of NO is chosen, the procedure is completely
analogous and an N@particle is adsorbed.

If CO desorption is chosen, a surface site is selected
randomly. If it is occupied by a particle different from Ggor
it is vacant, the attempt is ended. However, if it is occupied by
a CQy) particle, desorption occurs and the patrticle is replaced
by a vacant site. The procedure is analogous in the case of
choosing the desorption of NO.

When the chosen event is the dissociation of NO, a surface
site is chosen randomly. If it is occupied by an N@article,

a nearest neighbor (nn) site is chosen randomly next to the first
site. If this is empty, dissociation occurs and ap)article
remains in the first site and an¢pparticle in the second site.

In the case of chemical reaction events that involve two
reactant particles, a site on the surface is first chosen randomly.
If it is occupied by a particle corresponding to one of the
reactants, a nearest neighbors (nn’s) site is then chosen randomly
next to the first site. If the latter is occupied by the other particle
of the same reaction, the event is successful and a product
molecule is removed from the surface leaving two vacant sites.
For example, if the first particle is G&and the second is &),

a molecule of CQ@leaves the surface. If the reactant is particle
(NNO)* and the chosen site contains this particle, one proceeds
as follows: If the reaction chosen is the dissociation of (NNO)*,
N2 is produced and @ remains in the chosen site. But if it
corresponds to the formation of,8g), a vacant site remains.

In the case of the formation of (NNO)* in mechanism 2,
which occurs at an infinite rate, the process is carried out in
such a way that every time in a step the pair of nn's
corresponding to N@ and Na appears, the intermediate
complex (NNO)* is formed instantly at the site where NO
was, leaving a vacant site.

The substrates used in the simulations were a uniform surface
made of sites located in an LxL square lattice and a statistical
fractal, the incipient percolation cluster (IPC), whose active sites

oxidation reaction, based on one proposed earlier for this were generated by blocking a fraction equal to 0.407254 of the

system® and recently for the CONO reactior?® For the CG-

LxL sites (impurities) of the square lattice, with a fractal

NO reaction, the simulation process starts by selecting an eventdimension equal to 91/48.The substrates are obtained in this
from the mechanism (adsorption, desorption, dissociation, or case by considering only the spanning cluster of the remaining

reaction) according to the probability,, of the event defined
by

p=kiy k (B1)

where ki corresponds to the rate constant of siepf the
mechanism. It is assumed that the rate const&ntan be
expressed as functions of temperaftilsccording to Arrhenius’
equation

k =, expE/RT) (82)

wherekE; is the activation energy ang is the frequency factor.

In the case of adsorptiork; is calculated according to the

expression of the kinetic theory of gases

k(ads)= So(2M;RT) " (B3)

sites computed by Kopelman’s algorittfnSince the IPC is
probabilistic or nondeterministic, it was necessary to generate
a number of them, so that the properties obtained from MC for
the CO-NO reaction are the average of the results of the
simulations carried out on those substrates.

In general, to reach an adequate stability in the results, use
was made of a number of iterations of the order of MCS
(Monte Carlo steps), defined as the number of attempts equal
to the number of sites in the substrate.
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