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The kinetics of the CO + N,O reaction on Pt/Al,O3 have been
studied between 260 and 320°C with partial pressures ranging from
1 x 1073 t0 8 x 10~ atm for N,O and 4 x 1073 to 14 x 103 atm for
CO. A mechanism has been selected from those suggested in the
literature. It involves molecular adsorptions of N,O and CO and
a dissociation step of adsorbed N2O on a nearest neighbor vacant
site which is assumed to be rate limiting. A rate expression has been
derived which led to the estimation of the rate constant of N,O disso-
ciation and of the equilibrium adsorption constants of N,O and CO.
Enthalpies of adsorption of NoO and CO, AHagds.co and AHadsN,0,
and the energy of activation for adsorbed N0 dissociation, E, have
been estimated in order to model temperature-programmed exper-
iments. A divergence between experimental and calculated conver-
sion vs temperature has been observed mainly at high conversion.
Such a discrepancy has been mainly assigned to changes in the
adsorption enthalpy of CO and NO with the adsorbate surface cov-
erage. Such an effect has been tentatively quantified.  © 1999 Academic

Press

1. INTRODUCTION

During the past two decades, the kinetics of the CO + NO
reaction, involved in automotive catalytic converters, has
been extensively studied, particularly over Rh-based cata-
lysts (1, 2). All these investigations have provided reli-
able information of practical and fundamental interest.
Presently, three-way catalysts (TWC) have a good activ-
ity for the CO + NO reaction and the mechanism of this
reaction seems well established. But, during the cold start
of TWCs (at low temperature and conversion), NO seems
to be mainly transformed into N,O, and the intermediate
formation of N,O and its subsequent reduction by CO is still
under concern since the literature reveals some conflicting
arguments on the real importance of a two-step reaction
pathway involving the intermediate formation of N,O in
the reduction of NO by CO (3, 4).

1 To whom correspondence should be addressed. Fax: 33 3 20 43 65 61.
E-mail: Pascal.Granger@univ-lillel.fr.

From an experimental point of view the intermediate for-
mation of N,O during the CO + NO reaction is observed
without any ambiguity below the light-off temperature (5,
6), while only N is observed in the actual operating condi-
tions (100% NO conversion), after the cold start of a three-
way catalyst (7-9). In fact, the CO + N,O subreaction dur-
ing the reduction of NO by CO has been neglected for a
long time probably because a few studies have shown that
the rate of the isolated CO + N,O reaction is substantially
lower than that of the CO 4 NO reaction either on Pt- (10)
or on Rh-based catalysts (9). These results could explain
why the elementary steps related to the readsorption of
N,O and the transformation of adsorbed N,O molecules on
noble metals have often been omitted in the mechanism for
the CO + NO reaction (6, 11-13), until Cho et al. (8) found
that the reduction of N,O by CO plays a major role in the
CO + NO reaction on Rh/Al,Og3. Further kinetic investiga-
tions of the isolated CO + N,O and during the CO + NO
reaction on Rh at 310°C, above the light-off temperature
performed by the same author (14, 15), has supported his
previous statements that N,O is able to readsorb on Rh and
react with adsorbed CO. A rate enhancement has been ob-
served for the intermediate CO + N,O reaction (during the
CO + NO reaction) in comparison with that of the isolated
reaction. This has been explained by repulsive interactions
between N atoms (from the dissociation of NO) and CO
molecules in the adsorbed layer which favor the desorption
of CO and the subsequent adsorption and decomposition
of N,O formed in the CO + NO reaction. This interpreta-
tion led Cho et al. to the conclusion that the lack of N,O
observation above 300°C may be due to the fast reaction
between N,O and CO.

In previous work performed in our laboratory dealing
with the kinetics of the CO 4 NO reaction over Pt (16),
Rh, and bimetallic Pt-Rh catalysts supported on alumina
(17), we have confirmed that N,O is the major N-containing
product on Rh-based catalysts below the light-off tempera-
ture. However, the changes in the selectivity for N,O forma-
tion (Sy,0) is very different for Pt/Al,O3 on the one hand
and Rh and Pt-Rh on alumina on the other hand. As a
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matter of fact, with Pt/Al,Og, first Sy,0 decreases continu-
ously and slowly as temperature and conversion increases
and then it suddenly decreases at the light-off tempera-
ture (50% conversion) and becomes very low above 75%
conversion, while on Rh/Al,O3 and Pt—-Rh/Al;O3, Sy,0 re-
mains almost constant and starts to decrease only for high
NO conversion ~80%. This observation seems to suggest
that the CO + N,O reaction occurs more readily on Pt than
on Rh. Such a difference in N,O formation can arise from
differences in N2O and NO adsorption on Pt and on Rh.
Hence it would be interesting to measure the adsorption
equilibrium constant of N2O (An,0) in order to compare
with Ano already determined in our previous study (16).

In this first paper we report a detailed kinetic study of the
CO + NyO reaction over Pt/Al,Os. In this study, we have se-
lected several mechanisms proposed in the literature and
derived the corresponding rate expressions, which have fur-
ther been compared to our experimental results according
to the same procedure as that used for the CO + NO reac-
tion and described in an earlier paper (16). This procedure
has shown that only one rate expression is in agreement
with the experimental results. Kinetic and thermodynamic
constants have been calculated assuming this model.

From the values of these parameters we will discuss the
adsorptive and the catalytic properties of Pt in the reduction
of NO and N»O by CO which influence the selectivity of Pt
for the formation of N,O. The temperature dependency of
these parameters has also been investigated using graphic
and optimization methods. Finally, in the second part of
this paper we will try to validate our kinetic model for the
CO + N0 reaction in conditions closer to the cold start of
a three-way catalyst.

2. EXPERIMENTAL

The Pt catalyst was prepared by impregnating the support
y-Al,03 (100 m? g~1) with a solution of hexachloroplatinic
acid to yield 1 wt% Pt. The preparation procedure, includ-
ing wet impregnation, calcinationin air at 450°C, and reduc-
tion in flowing H, at 500°C, was similar to that described in
reference (16). The metal dispersion estimated from hydro-
gen chemisorption measurements was 0.58, the correspond-
ing average particle size of Pt was ~1.7 nm. The catalyst was
in powder form with an average grain diameter of ~80 um.

The experimental setup was detailed in Refs. (16) and
(17). The CO 4 N0 reaction was studied in a fixed bed
flow reactor at atmospheric pressure under the following
experimental conditions: 0.07 to 0.60 g of catalyst mixed
with 0.28 to 2.4 g of a-Al,O3. The global flow rate was main-
tained at 10 L h™!, which gave space velocities between
8000 and 70,000 h=1. The initial partial pressures ranged
from 1 x 1073 to 8 x 10~ atm for N,O and 4 x 103 to 14 x
10~3 atm for CO (1 atm ~10° Pa). Prior to the reaction
the catalyst samples were preheated in flowing hydrogen
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(3 L h™1) at 500°C for 7 h and then outgassed in flowing
nitrogen at 400°C.

Differential kinetic conditions were obtained by recy-
cling the outlet gas mixture with a recycling ratio of ~180.
This high speed of recirculation induced a slight pressure
increase of ~0.2 atm.

The reactants and products were analyzed with a HP5890
Series Il chromatograph. Prior to the detection and quan-
tification on a catharometer, CO, CO,, N, and N,O were
separated on two concentric columns (CTR1) from Alltech
held at 30°C. CO and N; were separated on the inner col-
umn packed with a molecular sieve 0.5 nm, while N,O and
CO, were separated on the outer one packed with Pora-
pack Q.

The specific rates of reactions were calculated according
to

Dii
fi=— [1]
where D; was the N,O or CO flow rate (mol h™), m was
the mass of catalyst, and z; was the initial conversion (i=
N,O or CO) calculated by extrapolating the deactivation
curves at t=0 according to the procedure earlier described
in Ref. (18).

3. RESULTS

Steady-state activity measurements were performed
under differential conditions at atmospheric pressure and
various temperatures between 260 and 320°C. Two sets of
experiments were performed by varying the partial pres-
sure of N,O and CO at constant Pco and Py,o respectively.
Figures 1 and 2 illustrate the influence of the partial
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FIG. 1. Influence of the partial pressure of CO on the rate of

the CO + N,O reaction on Pt/Al,O3 at various temperatures: a, 260°C;
b, 280°C; ¢, 300°C; d, 320°C.
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FIG. 2. Influence of the partial pressure of N,O on the rate of

the CO + N,O reaction on Pt/Al,O3 at various temperatures: a, 260°C;
b, 280°C; ¢, 300°C; d, 320°C.

pressures of the reactants on the rate. Let us note that
the rate of the CO+ N,O reaction, at 300°C under sto-
ichiometric conditions (Pco= Py,0=>5.6 x 10 atm), is
about one order of magnitude higher than that of the
CO + NO reaction on 1 wt% Pt/Al,O3 (2.6 x 1073 against
2.3x107* mol h~* g™%) with Pco=Pno =5 x 10~2 atm and
T =300°C (16). It should be noted that different batches of
Pt/Al,O3 were used to study these two reactions, although
both samples were prepared by the same procedure.
Nevertheless, the change in activity of a factor 10 cannot
be accounted for by changes in the metal dispersion which
was respectively 0.55 (16) and 0.58. Finally let us mention
that our results differ from those of Adlhoch et al. (10) on
a Pt polycrystalline catalyst and Mac Cabe and Wong (9)
on Rh/Al,O3; who observed the reverse trend, i.e., that Pt
and Rh are more active in the CO + NO reaction than in
the CO + N,O reaction.

The apparent orders have been calculated using linear
regression analysis; they are reported in Table 1. Negative
orders with respect to Pco and positive values with respect
to Py,o are obtained on P/Al,Os.

TABLE 1

Temperature Dependence on the Kinetic Parameters for the
CO + N,0O Reaction on Pt/Al,O3

Temp. (°C)  10%x Py,0 (atm)  10°x Peo (atm) m? n?
320 2.4-6.8 2.9-13.3 —0.34 0.66
300 1.8-74 3.6-13.8 —-0.51 0.60
280 0.9-7.5 5.4-13.7 —0.55 0.66
260 0.9-5.8 3.6-12.8 —-0.43 0.65

dRate, rco =k x PZy x P;}ZO.
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4. DISCUSSION

Let us first check whether the kinetic measurements are
made under chemical control measurements. Taking into
account the very high recirculation rate, external transfer
limitations are not likely to occur. Nevertheless, it has been
checked that using the same space velocity but with differ-
ent amounts of catalysts, the conversion is approximately
constant. Butintragranular mass or heat transfer limitations
could take place. By assuming a Knudsen diffusion regime,
the efficient diffusion coefficient for N,O is calculated to be
about10~®m?s~1. Withavalue ofk of4.4 x 10~2molh~tg~!
and energy of activation of 134 kJ mol~* as measured from
the kinetic measurements, the effectiveness factor 7 is, re-
spectively, 0.999, 0.99, and 0.94 at 327, 377, and 427°C, that
is in the temperature range of this study. Hence internal
mass transfer restrictions will not limit the measurements.

Concerning heat transfer limitations, the value of 8, (the
Prater number) (19) is between 2 x 10~* and 3.4 x 107*
which corresponds to ATmax (between the grain and its sur-
face) lessthan 0.2°C. In conclusion the results reported here
are under chemical control.

4.1. Surface Reaction Modeling

Up to now several mechanisms have been proposed after
either transient or steady-state kinetic investigations and
mathematical models have been consecutively derived to
explain complex kinetic phenomena such as the dynamic
behavior and the steady-state multiplicity behavior of the
CO + N,O reaction (20, 21). According to the literature it
is often difficult to describe these different processes from a
single mechanism. Some authors have suggested that these
experimental observations could be related to changes in
the rate-limiting step (20). Most of the mechanisms already
proposed include reversible nondissociative adsorption of
CO on metals (8, 9, 14). Concerning N,O, its chemisorp-
tion on Pt has not been observed between 427 and 1327°C
under UHV conditions (22) and numerous articles dealing
with the Kinetics of the CO + N,O reaction have assumed
dissociative adsorption of N,O leading to chemisorbed O
atoms and gaseous Nj. The production of CO, is assumed
to mainly occur via a bimolecular reaction between COgqs
and Ogygs. An alternative mechanism, earlier proposed by
Takoudis et al. (23), involves the formation of adsorbed
N.O species on Pt polycrystalline before their decomposi-
tion between 400 and 1200°C. Such a mechanism has also
been adopted by Mac Cabe and Wong (9) for the descrip-
tion of the kinetic behavior of Rh/Al,O3 in the CO + N,O
reaction. Finally a reaction between gaseous CO and ad-
sorbed O atoms has also been considered as a possible route
for the formation of CO; (24).

We have selected five mechanisms among those pro-
posed in the literature that seemed the most plausible. As
seen in Fig. 3, they mainly differ from each other by the step



324

Mechanism 1 Mechanism 4

[2] CO+* < Co* [2] CO+* & COo*

B] N,O+*  ©N0* 8] NO+* SN,+0%
[4] N,0* N, +O* [5] CO*+0% —CO,+2*
[5] CO*+0* —>CO,+2*

Mechanism 2 Mechanism 5

2] CO+* < CO* 2] CO+* oCo*

B] NO+*  <NO* 9]  N,0+CO* >N, +CO,+*
[6] NO*+* N, +O*+*

[5] CO*+0* —CO,+2*

Mechanism 3

< CO*
< N,O*

2] CO+*
(3] NO+*
[7] N,O* + CO* - N, +CO, +2*

FIG. 3. Selected mechanisms for the CO + N,O reaction over noble
metals.

of N,O decomposition which is usually considered as rate
determining. We have also considered the possibility that
a vacant Pt site would be required for the dissociation of
N2Oqqs in step [6]. This was suggested by previous surface
science studies (25, 26) which showed that space and
geometric considerations are crucial for the chemisorption
of N,O and its subsequent dissociation into gaseous N, and
Oads.

We have not considered that the bimolecular reaction
COads + Oags (step [5]) could be rate controlling based
on results either reported in the literature (9) or ob-
tained in our laboratory in a previous investigation of the
CO + NO + O3 reactions over noble metals (27). Indeed,
it has been shown that the rate of the CO + O, reaction is
much faster than the CO + NO reaction on Pt/Al,Os3, this
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last reaction taking place only when oxygen in the feed
is almost completely consumed, showing that the reaction
COggs + Oags is not rate limiting but that it is very fast. Since
the CO + N,O is also slower than the CO + O; reaction
(light-off temperature of ~330°C, against 290°C), the step
COaqs + Oags is not likely to be rate limiting. Moreover, the
fact that the decomposition of N,O is very slow on Pt/Al,O3
(conversion of only ~6% at 500°C) and that CO addition
sharply increases the conversion of N,O is an additional
argument in favor of a fast step for CO oxidation.

Asimilar procedure, described in Ref. (16), has been used
to derive a rate expression from each mechanism selected
in this paper based on the following assumptions: (i) fast
and competitive adsorptions of the reactants on Pt and (ii)
CO and N,0O are the most abundant species at the surface.
Since step [5] is likely to be very fast, as discussed above,
adsorbed oxygen atoms are very reactive and, consequently,
the oxygen coverage can be considered as negligible.

According to these assumptions, the following equations
were obtained:

mechanism 1 rco = k4 6n,0 [10]
mechanism 2 rco = ks On,060v [11]
mechanism 3 rco = k7 6n,06co [12]
mechanism 4 rco = kg Py,06v [13]
mechanism 5 rco = ko Pn,00co. [14]

0; and 6, are respectively the surface coverage for com-
pound i (i=CO or N,O) and the fraction of vacant sites
at the surface. Equations [10] to [14] can be expressed as a
function of unknown parameters, An,o and Aco, the adsorp-
tion equilibrium constants of N,O and CO, and ky, the rate
constant of the limiting step, and of the partial pressures
of the reactants according to Egs. [15] to [19] in Table 2.
Equations [20] to [24] correspond to their linearized ex-
pressions.

TABLE 2

Rate Expressions for the CO 4+ N,O Reaction Derived from Mechanisms 1 to 5

Mechanism RDS Rate Linearized expression of the rate
ke ka*N, 0 PNyO PN,O 14 2c0Pco + AN, 0PN, O
* — ___ 4MN0™NOo 20 _ 0PN,
! N0 = feo = Ticoreo +2N,0PN,0 [15] rco KiN,0 [20]
2 NzO*+*i‘i feo = K620 Pvy0 > [16] 4/ PnNo _ 1HANy0PNy0 FrcoPco [21]
(1+ACOPCO +}\N20PN20) fco J/Ren,0
3 NzO*-%—CO*ﬁ) feo = k7Aco*N,0Pny0 Pco . [17] / PnyoPco _ 1+AN,0PN,0 +*coPco [22]
(1+f\co Pco +N,0 PNzO) feo Vikiicoinzo
kg kg Pn,0 PN,O 14 4coP,
* _ 2 20 _ coPco
4 N2O+*= feo = THcoreo [18] rco kg [23]
ke korco P P Peo P 5
5 N,O + CO* 3 reo = SO N07CO [19] —COM20 _ lticoPeo [24]

1+icoPco

rco kgico
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4.2. Discrimination of a Mechanism for the CO + N,O
Reaction on Pt/Al,O3 at 300°C

Clearly Eg. [19] is unable to model the CO partial pres-
sure dependency of the rate since it is not compatible with
a negative order in CO. Also Eq. [18] does not fit with the
apparent N,O orders which noticeably differ from 1 (see
Table 1). Consequently mechanisms 4 and 5 can be dis-
carded.

The discrimination between the three other mechanisms
has been achieved using the graphic method previously
detailed in Ref. (16). Although the linear plots obtained
for Pn,0/rco, v/ Pn,0/Tco, and /Pn,o Pco/rco vs Pco and
Pn,o do not allow the correct mechanism to be selected,
this discrimination can be obtained from the examination
of kn, An,0, and Aco, calculated from the intercepts (Bco
and Bn,o0) and the slopes (eco and an,o) of the straight
lines. As a matter of fact in each case, we have four equa-
tions to calculate only three parameters. Hence ky, An,o0,
and Lco can be calculated by several ways by using differ-
ent sets of three equations. The comparison between the
values of k,, An,0, and Aco calculated in different ways can
be a means to validate the value of the parameters. We have
calculated two sets of values for the three parameters using
respectively aco, an,0, and Bco and aco, an,o0, and Bn,o.-
The results for Eqgs. [15]-[17] are reported in Table 3.

It is clear that, while the set of equations based on aco,
an,o, and Bco lead to positive and reasonable values for ki,
AN,0, and Aco, @co, @n,0, and Bn,o lead to negative values
for An,0 and Aco in Egs. [15] and [17]. On the contrary,
the two sets of values of ky, An,0, and Aco in Eq. [16] are
close to each other. Moreover, the value of Aco obtained
from Eq. [16] is of the same order of magnitude as that
calculated from the results of the kinetics of the CO + NO
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reaction on a similar Pt/Al,Oj3 catalyst (Aco = 121 atm™1).
Consequently, on the basis of this analysis, Eq. [16] derived
from mechanism 2 seems to be preferred.

The calculation of ky, An,0, and Aco has also been car-
ried out by an optimization method (16) using the solver on
Excel 5 from Microsoft. The adjustment of the unknown pa-
rametersis obtained when y, the residual sum of squares be-
tween the experimental and calculated rates, using Eqgs. [15]
to [19], tends towards the lowest value.

n
Yy = Z(ri,exp - ri,calc)2~ [25]
i=1
The lowest value for y is obtained by comparing experi-
mental and calculated rates using Eq. [16]. It is also ob-
servable that only Eq. [16] leads to a reasonable agreement
between the adjusted parameters and those obtained from
the graphic method. Accordingly, both observations show
that only Eg. [16], derived from mechanism 2, can satisfac-
torily model the partial pressure dependencies of the rate
at 300°C.

Let us now comment on the difference between the two
values of Aco (78 and 121 atm~') obtained respectively in
the CO 4+ N,O and CO + NO reactions at 300°C (Table 4).
First, it must be noticed that, as mentioned above, the or-
der of magnitude is the same, and the two values could
simply be within the margin of error which is rather high
considering the uncertainties on the rate measurements
(mainly due to the extrapolation). But, there could also
be some physical reasons for the observed difference. First,
it should also be kept in mind that they have been obtained
on different Pt catalysts. But they were prepared accord-
ing to the same procedure, and their dispersion slightly
differs; consequently it is not reasonable to assume that they

TABLE 3

Kinetic and Thermodynamic Adsorption Constants for the CO + N,O Reaction over Pt/Al,O3 at 300°C

a;? Bi°
Aco AN,O Kn
Mechanism RateEq. i=CO i=N,O i=CO i=N,0O (atm™1) (atm™1) (molg~tcath™?)
1 [15] 179.2 200.1 1.211 0.983 ¢ 2.6 x 10° 2.9 x 10° 5.0x 1078
d  _32x10° —3.6x10° 5.0 x 1078
e 1.6 x 10* 1.7 x 10° 5.10 x 10~%
2 [16] 45.7 55.3 0.978 0.898 69 83 2.73 x 1072
d 72 87 2.85 x 1072
e 78 90 2.80 x 1072
3 [17] 14.0 5.1 0.033 0.079 ¢ 3.6 x 10° 1.3x10° 1.40 x 1072
¢ _17x107!  —6.3x1072 1.40 x 1072
e 2.0 x 107 7.0 x 10° 1.30 x 1072

2 Slopes of the linear plots \/PNZO Pco/fco, \/PNzo/rco, and Py,0/rco Vs Pnyo and Peo.

b Intercepts of the linear plots \/PNZO Pco/rco, \/PNzo/rCO,

¢ Using aco, an,0, Bco.
d Using COs AN, O, and ,ﬁNZO-
¢ From the optimization method.

and PNZO/rCO VS PNZO and Pco.
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TABLE 4

Comparison of the Kinetic Data Obtained at 300°C on Pt/Al,03 for the CO + NO
and CO + N,O Reactions

10° Pco 10° (PNO or PNZO) ANO OF )VNZO Aco kn@
Reaction (atm) (atm) (atm™1) (am)  (molh7lg™)
CO+NO 5-9 15-5.6 11 121 1.14 x 1072
CO + N0 3.6-13.8 1.8-74 90 78 2.80 x 1072

2Rate constant for the dissociation step of N;O (N,O* +* — N, + O* +*), and of NO

(NO* +* - N* + O%),

could have different adsorptive properties. The accumula-
tion of various intermediate species during the CO + NO
and CO + N,O reactions could also modify the adsorp-
tive properties of Pt. For instance Lorimer and Bell (6)
have suggested that the formation of isocyanate species
on the support during the CO + NO reaction could deacti-
vate the neighboring Pt atoms by electronic modifications.
Additionally, the different buildup of chemisorbed O atoms
from the dissociation of N,O and NO could alter differently
the electronic properties of Pt surface atoms. According to
the model of description for transition metals and CO bond,
proposed earlier by Blyholder (28), the higher electroneg-
ativity of oxygen could induce a decrease in the electron
density of Pt atoms located at the vicinity of chemisorbed
O atoms. Accordingly the extent of electron back-donation
would decrease further weakening the metal-CO bond.

Now, one can discuss on the validity of the selected mech-
anism. Presently, among the mechanisms already suggested
in the literature, most of them assumed the dissociation of
N,O as the rate-determining step. Nevertheless, only a few
of them associate a nearest neighbor vacant site to dissoci-
ate N,O molecules adsorbed on metals. To our knowledge
only Permana et al. (29) have recently kept in consideration
this hypothesis on Rh. This suggestion can be argued in light
of previous studies which have shown that the extent of N,O
dissociation depends on the surface atom arrangement. For
instance Li and Bowker (26) have found a clear structural
dependence of nitrous oxide adsorption and decomposition
on Rh (111) and Rh (110). Recently, calculations using an
extended Huckel method have been performed in our labo-
ratory to identify the most stable geometrical configuration
of N,O adsorbed on a Pt cluster. Among the configurations
considered, the lowest energy of adsorption was obtained
when N,O is upright with the terminal N atom bonded to
a Pt atom. Such findings suggest that Pt atoms at the vicin-
ity of adsorbed N,O should be involved in the N-O bond
breaking leading to O adsorbed on a second Pt adsorption
site. Hence, our observations are in line with the conclusions
drawn from these earlier investigations supporting the oc-
currence of dissociation of adsorbed N,O on a free adjacent
Pt site.

Let us now compare the value of k and An,o for the
CO + N0 reaction with those of k and Ano previously

obtained for the CO+ NO reaction on Pt/Al,O3 (16)
(Table 4). As shown before, Pt/Al,O3; is more active
in the CO 4+ N,O reaction than in the CO +NO reac-
tion which contradicts previous observations reported by
Adlhoch et al. on Pt (10) who found the reverse trend. The
results reported by Adlhoch et al. could be explained on
the basis of Cho’s statements (14) developed in the intro-
duction, the lowest activity of Pt could be related to the
highest value of Aco in the CO + N,O reaction in compari-
son with the CO + NO reaction. In this study no significant
modification in the CO-inhibiting effect could explain the
large difference in the activity of Pt/Al,O3 for both reac-
tions. On the other hand An,o is six times higher than Ano.
Such a difference indicates that N,O adsorbs on Pt/Al,O3
more strongly than NO. This result seems consistent with
a previous investigation of the decomposition of NO and
N,O on Pt wire (23). The authors have found respectively
—89 and —34.5 kJ mol~? for the adsorption enthalpies of
N,O and NO. It is also noticeable that the rate constants
of NO and N,O dissociation vary in the same order as A;.
Such a correlation can easily be explained from the current
description model used for modeling the adsorption and
dissociation of N,O which involves a back-donation of d
electrons of metal into the antibonding orbital of N,O. This
charge transfer would strengthen the Pt—N bond and subse-
guently weaken the terminal N-O bond further facilitating
the N-O bond breaking. To summarize, the higher activ-
ity of Pt for the CO + N,O compared with the CO + NO
reaction is attributable to a stronger adsorption of N,O
and higher reactivity of adsorbed N,O compared with NO,
rather than a decrease in the inhibiting effect of CO since
Aco does not change significantly.

To illustrate this conclusion one can examine the tem-
perature-programmed conversion curves for the CO+
NO and CO + N,O reaction on Pt/Al,O3 in Fig. 4. The con-
tinuous decrease in the selectivity for the formation of N,O,
S\,0, at low temperature and low NO conversion, can be
explained by the competitive adsorptions of N,O and NO
in favor of N,O which can subsequently react with CO even
better since the dissociation rate constant of N,O is higher
than that of NO. As a matter of fact, Sy,0 in the CO+
NO reaction is influenced by several factors. It is well
known that the reduction of NO by CO is a complex system
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FIG. 4. Comparative temperature-programmed experiments of the
CO+N,O and CO -+ NO reactions on Pt/Al,O3 under stoichiomet-
ric conditions (Py,o = Péo =6 x 10°* atm for the CO +NO reaction;
Poo =P, =5 x 107° atm for the CO+NO reaction; space velocity
25,000 h™1). ..., N,O selectivity in the CO + NO reaction; l, conversion
of CO by reaction with N,O; [J, conversion of CO by reaction with NO.

of competitive—successive reactions;

2CO + 2NO — N, + 2CO, [26]
CO + 2NO — N,O + CO, [27]
CO + N,O — Nj 4 COs. [28]

Hence Sy,o is affected by the relative rates of reactions [26],
[27], and [28] and consequently by the initial selectivity of
NO conversion (into N, and N,O) and by the secondary re-
action [28] which are themselves both influenced by temper-
ature and the conversion of NO. The rates of NO and N,O
conversions in the system CO + NO can be expressed as

kn,0AN,0 Pn,o
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according to this study and previous results on the kinetics
of NO reduction by CO (16). Equation [29] shows that, at a
given temperature, when CO and NO conversion increase,
rn,o (and N2O conversion) increases. It is more difficult to
discuss on the changes of ryo since while the order in NO is
positive on Pt (0.95 at 300°C), that in CO is negative (—0.84
at 300°C) (16), but it is clear that the ratio (rn,o/fno) =
(Kn,oAn,0 Pnyo/KnoAno Pao) increases as NO conversion
increases.

These observations can qualitatively explain the changes
of Sy,0 in Fig. 4 for the CO + NO reaction. Of course, as
previously mentioned, the influence of temperature on CO,
NO, and N,O adsorption and on the rate constants should
be taken into account in addition to the influence of the
conversion.

4.3. Influence of Temperature

Estimation of the adsorption enthalpies of the reactants
and of the activation energy of the dissociation step of ad-
sorbed N,O. If Eq.[16] isto be used to model the function-
ing of a TWC under actual conditions, it must be modified
to include the effect of temperature, T.

f'co
AHacls,NZO
RT

R B [ ) o

5.
AHalsz+N20 ] Puyo-+ feo exp[— AHaS—STYCO] Pco)
[31]

Equation [31] so obtained includes unknown parameters
such as A and fj, the preexponential factors; E, the energy
of activation of the rate-determining step; and AHaqs i the
adsorption enthalpy for compound i (i=N,O or CO). R is
the ideal gas constant. The quantitative evaluation of these
parameters has been achieved by additional kinetic mea-
surements at various temperatures between 260 and 320°C
(Figs. 1 and 2) with CO conversion ranging between 1.5 and

(1+ fny0 exp[—

N0 = 5 [291  40%. The plots /Py,0/fco Vs Pco and Py,o obtained from
(14 An,0Piv0 + Ano Pivo + Aco Peo) these kinetic data are linear which show that the rate equa-
KnoAno Pro tion remains valid in the_ temperature range considere(_zl.
rno = 5 [30] The results of the calculation of A; and kg using the graphic
(1 + An,0Pn,0 + Ano Pro + Aco Peo) and the optimization methods are reported in Table 5.

TABLE 5

Effect of Temperature on the Kinetic and Thermodynamic Adsorption Constants for the
CO + N,0O Reactions over Pt/Al,03

Qi B2
)\.Nzo A.CO k5 X 102
Temp.(°C) i=CO i=N,O i=CO i=N,0 (atm™1) (@am™)  (molgth™)
260 93.6 184.2 2.09 1.74 154/142° 90/85° 0.48/0.57°
280 69.5 88.7 1.32 1.27 102/111° 84/81P 1.32/1.27°
320 21.3 33.6 0.69 0.62 65/53° 42/41° 5.80/6.40°

2 Slope and intercept of the linear plots  / Pn,0/co Vs Pu,o and Peo.

b From the optimization method.
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FIG.5. Estimation of the activation energy of the dissociation step of
adsorbed N,O on Pt/Al,Os.

From these parameters we have estimated A, fi, AHags.i,
and E.

Figures 5 and 6 show approximate linear plots respec-
tively for Inks and InAn,0 vs 1/T while the slope of the
curve In Aco vs 1/T seems to decrease when the temper-
ature increases. This could be assigned to an adsorbate
surface coverage dependency of the enthalpy of CO ad-
sorption in the temperature range of this study, although
this result must be considered with caution taking into ac-
count the large margin of error in the value of ;. Conse-
guently, in a first approach we have considered constant
values for the adsorption enthalpies in the range of temper-
ature and of partial pressures of the reactants used in this
study.

A and f; (the preexponential factors), AHags i, and E have
been calculated respectively from the intercepts and the
slopes of the straight lines in Figs. 5 and 6. According to our
typical conditions, we have considered an average value of
—29 kJmol~! for AHagsco. The corresponding values are
reported in Table 6. They are compared with the set of val-
ues optimized with the solver. When using the solver the
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FIG. 6. Temperature dependency of the adsorption equilibrium con-
stants of N,O and CO on Pt/Al,O3 between 260 and 320°C.

procedure is more complex than in the first part of this
study since six parameters (E, AHadsco, AHads.ny0, A, Tco,
fn,0) are included in the calculation model (Eq. [31]) in-
stead of three in Eq. [16]. A quadratic extrapolation has
been preferred for adjusting the parameters since they can-
not be separated. The linear plot of the calculated rates as a
function of the experimental ones in Fig. 7 with aslope close
to 1 shows that the proposed kinetic model approximately
fits our kinetic measurements between 260 and 320°C. Ad-
ditionally the optimized values in Table 6 are comparable
with those obtained from the graphic method.

Validity of the kinetic model in temperature-programmed
experiments. In order to check the validity of the rate ex-
pression we have performed a temperature-programmed
experiment on 0.2 g of Pt/Al,O3 reduced in situ in flowing
hydrogen at 500°C and outgassed in flowing N, at 400°C
to remove chemisorbed hydrogen. The reaction was stud-
ied under stoichiometric conditions with initial partial pres-
sures P{ o = P2, of 6 x 1072 atm, hence with mv,0 = Tco.
Then using the expression

TABLE 6

Preexponential Factors, Heat of N,O and CO Adsorption, and Activation Energy
for the Dissociation of Adsorbed N,O on Pt/Al,O3

Preexponential factors

Heat of adsorption, kJ mol~!

Method AP fco, atm™t fn,o.atm™ = AHagsn0 —AHags, co E?, kJ mol~*
¢ 1.9 x 108 9.0 x 1072 41x1072 36.5 29 108
d 4.4 x 108 12.0 x 1072 5.2 x 1072 34.3 28.6 112

@ Energy of activation for the reaction step (N,O* +* — N, + O* +*).

®mol h=*g~! cat.
¢ From the graphic plots In A, Ink vs 1/T.
4 From the optimization method.
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FIG.7. Correlation between experimental and calculated rates from
Eq. [31].
Dcotco
fco=—""—"

m
ksin,0 (1 — v,0) PRL0
[1+An,0(1 = v,0) PN,0 + Aco(1 — Tco) I:)COO]z’
[32]

with Dco=2.46 x 10~3molh~?, taking into account the
temperature dependency of ks, Aco, and An,o, Tco can be
calculated. The calculation of t¢o at various temperature
was achieved using the optimised values of E, AHagsco,
AHags n,0, and the preexponential factors fco, fn,0, and A
in Table 6. Hence the equation to be solved was

1.23 x 10721’(;0
1.38 x 10° exp (- 22 (1 — 7co)

[1 +3.12 x 104 exp (41T—°°) (1-1co) + 7.2 x 104 exp (3‘;&) 1- rco)} 2

[33]

Figure 8 shows the comparison between the predicted and
experimental CO conversion curves versus temperature.
The fit between the two curves is not good, particularly
at temperatures above 335°C.

Such a discrepancy could originate from (i) an invalid
kinetic model, (ii) heat transfer limitations, and (iii) changes
in the adsorption enthalpies with surface coverages.

As mentioned at the beginning of the discussion, heat
transfer is not likely to disturb our Kinetic measurements.
On the contrary, numerous investigations showed modifi-
cations in the strength of the CO-metal bond as a function
of surface CO coverage (30-32). Moreover we have also
observed by direct adsorption measurements of CO on Pt-
Rh/Al,O3 that AHagsco is surface coverage dependent (as
a matter of fact AHagsco seems to be a linear function of
InPco) (33). Hence, we have attempted to quantify the de-
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FIG.8. Comparison between the experimental and predicted CO
conversion curves vs. temperature on Pt/Al,O3 under stoichiometric con-
ditions with Py o = P4, =6 x 107° atm, m=0.2 g of catalyst, and a space
velocity of 25,000 h=%. Model 1 is based on constant values for AHags i in
Table 6. Model 11 is based on changes in AH,qs j with P;j (see Table 7).

pendency of AHagsn,0 and AHagsco in the temperature
range of the TP experiment in Fig. 8.

In a first approach, we have considered only the changes
of AHagsn,0 Which will have more influence on the rate
than AHags.co, AcoPco being only at the denominator of
Eqg. [32] and always smaller than 1. These changes have been
roughly approximated by neglecting the changes of the de-
nominator of Eq. [32] with the partial pressure, hence the ra-
tio between experimental and calculated CO conversion ac-
cording to Eq. [32], TCO,exp/TCO,calc = )\Nzo,exp/ANZO,calc- This
allows us to roughly estimate AH, o, the actual values
of the enthalpy of N,O adsorption, at various conversions
(and partial pressures). As shown in Fig. 9 AHj \,0 VS

10500

10000 +

9500 +

1
- AH ads,N20

9000 +

8500 +

8000 t t + t

-InP;

FIG.9. Changes in the heat of N,O adsorption on Pt/Al,O3 with the
partial pressure P; in the temperature range of the TP experiment per-
formed under stoichiometric conditions, P = Py,0 = Pco.



330

TABLE 7

Influence of the Partial Pressures of the Reactants on the
Adsorption Enthalpies of CO and N,O over Pt/Al,0O3

f,2, atm™t a®, kdmol™ bi®, kJ mol—?*
N,O adsorption 0.064 —12.2 3.9
CO adsorption 0.18 —-2.8 5.0

3 5i=f; exp(—AHags i/RT), atm™L.
b AHagsi=ai+ bi In P;, kd mol—1,

Pi (Pi= Pn,0 = Pco under stoichiometric conditions) obeys
a semilogarithmic relationship. Accordingly AH_ 4 v,o can
be described by

AHJg N0 = an0 + b0 INP(kImol ™), [34]
with an,0 = —10.5 kJ mol~! and by,o = 4 kI mol~1. Such an
empirical equation has also been assumed for changes of
AHagsco Vs the partial pressures.

AHads,co = aco +bco In B [35]
Equations [34] and [35] have been substituted in Eq. [31].
Then the parameters f;, a;, and b; have been adjusted by min-
imizing the square difference between tcoexp and tcocaic
using the solver. The value of the preexponential A and of
the activation energy E used for the calculation were sim-
ilar to those reported in Table 6. The comparison between
Tcoexp and Tcocalc iN Fig. 8 shows a good quality of fit. The
optimized values for f;, a;, and b; are reported in Table 7.
Let us note that we have neglected the temperature de-
pendency of the adsorption enthalpies in the temperature
range of the temperature-programmed experiment. This is
a common simplification. Consequently the rate equation
[31] accounts for experimental results obtained at various
partial pressures of N,O and CO and at various temper-
atures provided that the adsorption enthalpies changes vs
surface coverage are taken into account.

Presently the modifications in the strength of the
Pt-adsorbate bond with the surface coverage is not well
understood. It could be related to either lateral repulsive
interactions between molecules in the adsorption layer at
saturation coverage or by a deactivation-induced effect on
the electronic properties of Pt. Now it must be mentioned
that these surface coverage dependencies of the adsorption
enthalpies and consequently of the equilibrium adsorption
constant A; do not invalidate the parameters values in
Tables 3-5 that have been obtained by considering that ;
is constant at a given temperature. The values reported for
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Ajinthese tables must be taken as average values valid in the
rather narrow range of 9; corresponding to the experimental
conditions (for example, at 300°C the range of variation was
between about 0.25 and 0.5 for 6co and 0.1 to 0.3 for Oy,0).

Finally, it should be stressed that Eqgs. [34] and [35] were
used for a stoichiometric mixture (Pco = Pn,0), for other
compositions generalized equations should be used such as

AHads,N,0 = an,0 + Cn,0 IN Py,o + dnyo INPeo  [36]

AHags co = aco + Cco In Py,o + deco INPeo. [37]

5. CONCLUSION

The purpose of this study was to investigate the kinetics
of the CO + N,O reaction on Pt/Al,O3 both to propose a
mechanism and to derive a rate expression in order to model
this reaction under the actual conditions of TWCs and to try
to explain the changes in the selectivity for N,O production
(Sv,0) in the CO + NO reaction.

Among the mechanisms that have been considered in this
study we have selected the one which involves the following
steps:

CO+* & CO”

N2O +* < N,O*
N,O*+* - N2+ * + O
CO"+ O* — CO, + 2%,

A rate expression has been derived assuming the following
hypotheses: (i) fast and competitive adsorptions of the re-
actants; (ii) the dissociation of N,O adsorbed on Pt as rate
limiting; and (iii) N,O and CO as the most abundant ad-
sorbed species at the surface, the oxygen surface coverage
being assumed as negligible because the high reactivity of
adsorbed O atoms.

In a first approach, by linearizing the rate expression,
the rate constant of N,O dissociation kg and the adsorption
equilibrium constants of the reactants (Aco and An,o0) on Pt
have been calculated using both graphic and optimization
procedures. Their comparison with the kinetic and ther-
modynamic constants from an earlier kinetic study of the
CO + NO reaction allow us to explain the difference in ac-
tivities of Pt/Al,O3 in both reactions. N,O is more strongly
adsorbed on Pt/Al,O3; than NO and reacts slightly more
readily as shown by the highest value for the N,O dissocia-
tion rate constant.

The temperature dependencies of E, An,0, and Aco have
been estimated. Clearly the adsorption enthalpies of the re-
actants depend on the surface coverage. The quantification
of such effect leads to the equation

2.9 x 107 exp (7*“990 —4661n P ) (1 —m,0) Po

fco=

;.
1464 x 102 exp (H0=1200R) (1 — 7y,0) P, + 18 x 102 exp(*2=5R ) (1 - 7co) P
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This equation correctly fits our temperature-programmed
experiments on Pt/Al,O3 particularly at high conversion.
However, it is worth noting that this empirical expression
of the rate is strictly applicable to feed composition close
to the stoichiometry.
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