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Laboratory reactor experiments have shown that the addition of cerium to a low-loaded Rh/ AL, 04
catalyst gives rise to the following changes in the CO-NO reaction kinetics: suppression of N,O
formation, decreased apparent activation energy, and a shift to a positive-order dependence of the
rate on NO partial pressure. These cerium-induced modifications of the kinetics lead to enhancement
of the NO reduction activity at low temperatures. A simple kinetic analysis and temperature-
programmed desorption experiments suggest that higher rates for both the NO dissociation and the
low-temperature N, desorption steps in the presence of Ce may be responsible for the changes in

the CO-NO reaction kinetics observed here.

INTRODUCTION

Cerium oxide is generally added to auto-
motive three-way catalysts as a promoter
for the water—gas shift reaction or as an
“‘oxygen storage’’ component under cycled
air—fuel ratio conditions (I-4). It has also
been reported that cerium stabilizes the alu-
mina support against thermally induced sur-
face area loss and increases/stabilizes the
dispersion of noble metals (4-7).

In addition to these beneficial effects, ce-
rium can alter the kinetic behavior (and thus
the performance) of automotive catalysts as
aresult of its interaction with supported no-
ble metals (8—-11). Our recent kKinetic study
of CO oxidation over cerium-containing Rh/
AL, catalysts (I10) has shown that the addi-
tion of sufficient amounts of cerium oxides
(=2 wt% Ce) to the low-loaded Rh/Al,O4
catalyst suppresses the CO inhibition effect,
lowers the apparent activation energy, and
decreases the sensitivity of the reaction rate
to O, partial pressure. These cerium-in-
duced kinetic changes and the resulting CO
oxidation activity enhancement were ration-
alized on the basis of a mechanism involving
CO, formation via a reaction between CO
adsorbed on Rh and surface oxygen derived
from the neighboring ceria particles.
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The present investigation was undertaken
to extend our kinetic study of the Rh/Ce/
Al,O, catalyst system to the CO-NO reac-
tion, a major reaction pathway for removal
of nitrogen oxides from automobile exhaust.
Previous studies of the CO-NO reaction
over supported Rh catalysts (12-14) have
reported the formation of N,O as a primary
nitrogen-containing reaction product at low
temperatures. Cho et al. (13) and McCabe
and Wong (I5) have recently shown that
N,O formed during the CO-NO reaction
can undergo further reaction with CO to pro-
duce N,. Thus, the overall reaction scheme
for the CO-NO reaction over supported Rh
involves the three reactions

CO + NO— 1N, + CO, (1)
CO + 2NO—->N,0 + CO, (2
CO + N,0—N, + CO, , (3)

where reaction (I) represents a direct path-
way for N, formation which is favored at
high temperatures. In this paper we have
examined, in laboratory feedstreams, the ki-
netics of the CO-NO reaction over a series
of alumina-supported Rh catalysts pro-
moted with different levels of cerium addi-
tives. The activity and selectivity of the Rh/
Ce/Al,0, catalysts for the CO-NO reaction
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are compared and contrasted with those of
the Ce-free counterpart. The observed ceri-
um-induced modifications of the reaction ki-
netics are then interpreted on the basis of the
adsorption characteristics of the individual
reactants on the Rh surface with and without
Ce.

EXPERIMENTAL

The experimental apparatus and proce-
dures used in this study are identical to those
described previously (10). Steady-state re-
action rates were measured in laboratory
CO-NO feedstreams (in a N, background)
using an internal-recycle mixed flow reactor
(16) equipped with continuous gas analyzers
(nondispersive IR for CO and CO,, chemilu-
minescence detection for NO). This stain-
less-steel reactor operated at atmospheric
total pressure, and the gases were agitated
with a magnetically driven impeller placed
under the stationary catalyst basket. The
internal surfaces of the reactor were coated
with a thin layer of aluminum oxide to mini-
mize the blank activity. (Even at 450°C, less
than 5% NO conversion was observed from
the empty reactor.) All the data reported
here were obtained at an impeller speed of
1500 rpm and a space velocity of 20,600 h~!
(a total feedstream flow rate of 5 liters/min
through 7 g of catalyst). These experimental
conditions provided good gas-phase mixing
within the reactor, thus allowing the reactor
to be characterized as a CSTR. Prior to each
experiment the catalyst samples were re-
duced for 15 min in 5 vol% H, at 450°C after
a 30-min treatment in 2 vol% O, at the same
temperature. The catalyst activity and se-
lectivity were characterized in two ways:
(1) temperature run-up- experiments (from
room temperature to 450°C) with fixed com-
position and (2) isothermal experiments
with variable composition.

All experiments were carried out with the
same series of Rh/Ce/Al,O; catalysts (fixed
Rh loading of 0.014 wt% and variable Ce
loadings from 0 to 9 wt%) that were used in
our earlier kinetic study (10). The catalysts
were prepared by stepwise impregnation of
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AlLO; spheres (3.5 mm diameter, 112 m?%/g
BET surface area) to incipient wetness with
aqueous solutions of Ce(NO;); and RhCl,
(i.e., deposition of Ce followed by Rh, with
a 4-h 500°C calcination step in between).
The same calcination step followed the sec-
ond (i.e., Rh) impregnation. Such proce-
dures resulted in a shallow (=20 wm) Rh
band near the pellets’ outer edge and a uni-
form distribution of the Ce throughout the
catalyst beads. The additional characteris-
tics of the catalysts are given in Oh and
Eickel (10).

As a limiting case of the Rh/Ce/Al,0;
system described above, a 0.014 wt% Rh
catalyst supported on pure CeO, was pre-
pared by pelletizing ceria powder and then
impregnating the ceria pellets with an aque-
ous solution of RhCl;. The ceria powder was
synthesized by spray drying an aqueous so-
lution of cerium nitrate, citric acid, and ni-
tric acid (17), and then sintered at 800°C for
4 h in a muffle furnace before being ball
milled overnight. The resulting powder was
mixed with water containing 5% polyvinyl
alcohol and extruded through a stainless-
steel tube to form cylindrical pellets approx-
imately 5 mm long and 4 mm in diameter.
These pellets were treated at 400°C to re-
move the H,O and polyvinyl alcohol and
then heated in a temperature-programmed
oven at 5°C/min to 950°C. Such procedures
yielded pellets with adequate mechanical
strength and a stable BET area of 20 m%/g.
In view of the relatively small pore volume
(0.19 cm®/g) of the support, an excess vol-
ume impregnation technique (rather than
the conventional incipient wetness method)
was employed for Rh deposition in order
to minimize pellet-to-pellet variation in Rh
concentration. After impregnation the cata-
lyst was calcined in the usual manner
(500°C, 4 h, air), and such procedures re-
sulted in the deposition of the Rh near the
periphery of the CeO, pellets.

Volumetric chemisorption, and tempera-
ture-programmed desorption (TPD) and in-
frared (IR) spectroscopies were used to
characterize the H,, CO, and NO adsorption
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properties of the Rh/ALO; catalysts with
and without Ce. The experimental appara-
tus and procedure, and the sample prepara-
tion techniques for the TPD and IR experi-
ments have been described previously (I8,
19). TPD spectra were obtained using the
powder samples (~1 mg) scraped off the
surface metal band of the Rh/Ce/Al,O; cata-
lysts used for the rate measurements. (The
Rh loading in the powder sample is esti-
mated to be ~0.5 wt%.) After a CO or NO
dose at 0°C to the saturation coverage, the
catalyst sample was heated under vacuum
at a linear rate of 5°C/s while the partial
pressures of desorbing gases were moni-
tored using a mass spectrometer. IR spectra
were taken at 150°C in flowing CO using 0.5
wt% Rh/AlLQO, and 0.5 wt% Rh/10 wt% Ce/
Al,O; wafers each obtained by pressing ap-
proximately 100 mg of the impregnated pow-
der into a 0.2-mm-thick, self-supporting
disk. Note that the Rh loading in the wafers
was selected to approximate the local Rh
concentration in the shallow surface metal
band of our 0.014 wt% Rh catalysts.

RESULTS

Effects of Ce Addition on Product
Distribution

Earlier reactor studies of the CO-NO re-
action over supported Rh conducted using
mass spectrometry and gas chromatography
(12, 13, 15) have shown that at low tempera-
tures N,O is the major nitrogen-containing
reaction product while N, formation (either
via an N,O intermediate or direct recombi-
nation of N atoms) is favored at high temper-
atures. Thus, for the purpose of discussing
the product distributions for the CO-NO
reaction system, it is sufficient to consider
the following two stoichiometric equations:

CO + 2NO— N,0 + CO,
CO + NO— 3N, + CO,.

It follows from material balance consider-
ations that

AN,O = ANO - ACO, 4)
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F1G. 1. The CO-NO reaction stoichiometry as a func-
tion of temperature over 0.014 wt% Rh/Al,O; with and
without Ce in a feedstream containing 1 vol% CO and
0.1 vol% NO.

where A refers to the amounts of reactants
(product) consumed (produced) during the
reaction. The relationship given by Eq. (4)
has been experimentally verified for Rh/
AlL,O; (13). Equation (4) can be rearranged
to give

AN,O _ . ACO

ANO ~~  ANO’

which states that the selectivity to N,O is
directly related to the CO-NO reaction stoi-
chiometry characterized by the ratio be-
tween ACO and ANO. Since our reactor sys-
tem is not equipped to directly measure N,O
formation, we chose to use the ratio ANO/
ACO as a convenient way to monijtor the
selectivity for forming N,O versus N,. Note
that ANO/ACO = 1 corresponds to no N,O
formation, while ANO/ACO = 2 to 100%
N,O selectivity. Figure 1 shows plots of
ANO/ACO versus temperature for 0.014
wt% Rh/ALQ; (solid circles) and 0.014 wt%
Rh/9 wt% Ce/Al,O5 (open circles). The data
of Fig. 1 were generated during temperature
run-up experiments in a feedstream contain-
ing 1 vol% CO and 0.1 vol% NO. In accor-
dance with results previously reported for
supported Rh without Ce (I2, 13), the
CO-NO reaction over the Rh/ALO, catalyst
is characterized by high selectivities to N,O
(i.e., ANO/ACO approaching 2) at low tem-
peratures and by high selectivities to N, at

&)
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F1G. 2. The CO-NO reaction stoichiometry as a func-
tion of temperature over 0.014 wt% Rh/Al,0; with and
without Ce in a feedstream containing 0.1 vol% CO and
0.5 vol% NO.

high temperatures (i.e., ANO/ACO = 1;
T > 300°C). For the Ce-containing Rh/Al,0;
catalyst, on the other hand, ANO/ACO =1
was observed over the entire temperature
range investigated here. (Reliable measure-
ments of ANO/ACO were not feasible at
temperatures below 250°C because the NO
conversion was too low.) This indicates that
the addition of cerium to the Rh/AlO; cata-
lyst suppresses the formation of N,O in the
reducing feedstream containing 1 vol% CO
and 0.1 vol% NO. When the feedstream con-
tains a large excess of NO over CO, how-
ever, the product selectivity changes little
upon Ce addition and is dominated by N,O
formation over a wide range of temperatures
(see Fig. 2).

Effects of Ce Addition on Kinetics

The apparent activation energy for the
CO-NO reaction kinetics over supported
Rh has been reported to change with tem-
perature (/2). An Arrhenius plot of our rate
data for the 0.014 wt% Rh/Al,O; catalyst
(Fig. 3) shows the same trend; that is, the
apparent activation energy changes from 28
kcal/mol at T < 280°C to 38 kcal/mol at T >
280°C. Generally, such an increase in activa-
tion energy with temperature indicates a
shift in the rate-controlling step to an alter-
nate ot parallel path (20). (This change in
activation energy is not due to mass transfer
limitations because, contrary to our obser-
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Fic. 3. Arrhenius plot for CO, production rate over
0.014 wt% Rh/ALO; in a reactant mixture containing 1
vol% CO and 0.5 vol% NO.

vation, they would cause the activation en-
ergy to decrease with increasing tempera-
ture.) As will be discussed later, the change
in the activation energy depicted in Fig. 3 is
likely to reflect a shift in the rate-controlling
step from the low-temperature N,O/N, for-
mation path (involving reactions between
NO, and N,) to the high-temperature N, for-
matjon path (involving recombination of N,)
as the catalyst temperature is increased. In
contrast, the CO-NO reaction over the Rh/
Al O; catalyst containing 9 wt% Ce is char-
acterized by a constant apparent activation
energy of ~18 kcal/mol throughout the tem-
perature range investigated (see Fig. 4).
The results discussed above certainly at-
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FiG. 4. Arrhenius plot for CO, production rate over
0.014 wt% Rh/9 wt% Ce/Al,0; in a reactant mixture
containing 1 vol% CO and 0.5 vol% NO.
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F1aG. 5. Arrhenius plots for CO, production rates over
0.014 wt% Rh/Al,0, containing variable levels of Ce in
a reactant mixture containing [ voi% CO and 0.5 vol%
NO.

test to the modifications of the catalytic
properties of the Rh/AL,Q, catalysts in the
presence of 9 wt% Ce. In order to investi-
gate how the Kkinetic behavior of the Rh/Ce/
AL Q; catalysts changes with Ce loading,
we conducted additional temperature run-
up experiments with 0.014 wt% Rh/Al,0,
catalysts containing 0.5 and 2 wt% Ce. The
results of such experiments are presented in
Fig. 5in Arrhenius plots of the reaction rates
measured in the reactant stream containing
1 vol% CO and 0.5 vol% NO. For direct
comparison, the rate data for the cases of 0
and 9 wt% Ce are also reproduced in the
same figure. It can be seen from Fig. 5 that
the reaction rate (as well as the apparent
activation energy) over the Rh/Al,O, cata-
lyst is not significantly altered by the addi-
tion of 0.5 wt% Ce. Note, however, that the
Ce additive at a 2 wt% level is nearly as
effective as that at a 9 wt% level in modify-
ing the kinetic behavior of the Rh/Al,O, cat-
alyst; that is, the rate data for the Rh/Al,O,
catalysts containing both 2 and 9 wt% Ce
are clustered closely and are characterized
by substantially higher reaction rates (more
than five times for 7 < 250°C) and lower
apparent activation energies than the Ce-
free counterpart. Table 1 shows the activa-
tion energy values determined from the rate
data of Fig. 5. Two values are listed for
each of the samples containing 0 or 0.5 wt%
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Ce—the first for temperatures below 270°C
and the second for temperatures between
285 and 300°C.

Furthermore, the addition of cerium to
the Rh/AL O, catalyst alters the dependence
of the reaction rate on the partial pressures
of the individual reactants. Table 2 com-
pares the exponents of the power-law rate
expressions for the CO-NO reaction over
Rh/ALO;, Rh/ALO; containing 9 wt% Ce,
and Rh/Ce0Q,. The parameter values listed
in Table 2 were obtained from the reaction
rates measured under isothermal conditions
(260°C for Rh/ALO; and Rh/Ce/AlLO;;
275°C for Rh/CeQ,) while varying the CO
concentration between 1 and 5 vol% and
the NO concentration between 0.1 and 0.8
vol%. In accord with Hecker and Bell (12),
the Rh/Al,0O, catalyst exhibits a weak posi-
tive-order dependence (+0.11) on the par-
tial pressure of CO and a weak negative-
order dependence (—0.05 for CO consump-
tion rate and —0.14 for NO consumption
rate) on the partial pressure of NO. Upon
addition of 9 wt% Ce to the Rh/AlLO; cata-
lyst, the reaction rate becomes negative or-
der in CO and positive order in NO. It is
interesting to note that the small negative-
order dependence on P, and the moderate
positive-order dependence on Py observed
for Rh/Ce/Al,O; carry over to the ceria-sup-
ported Rh catalyst (i.e., 100% Ce).

Effects of Ce Addition on Adsorption
Characteristics

In order to obtain a mechanistic under-
standing of the Ce-induced changes in activ-

TABLE 1

Apparent Activation Energy as a Function
of Ce Loading

Ce loading (wt%) Activation energy (kcal/mol)

0 28, 38
0.5 29, 38
2 19
9 18
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TABLE 2

Power-Law Parameters for the CO-NO Reaction

CO consumption rate”

NO consumption rate?

m m n
Rh/ALO, +0.11 = 0.01 —0.05 = 0.01 +0.11 = 0.02 ~0.14 = 0.02
Rh/Ce/Al,0O4 —0.09 + 0.03 +0.40 = 0.07 ~0.19 £ 0.03 +0.30 = 0.08
Rh/Ce0, -0.12 = 0.03 +0.53 = 0.01 ~0.18 = 0.05 +0.54 = 0.02

2 Rate o P, Plio.

ity and selectivity we have described thus
far, it would be instructive to examine the
adsorption characteristics of the individual
reactants on the catalyst surface with and
without Ce. In this section we discuss the
adsorptive properties of CO, NO, and H,
characterized by volumetric chemisorption,
TPD, and IR.

The catalysts’ capacities for adsorbing
H, and CO were measured at 35°C as a func-
tion of Ce loading using a constant-volume
chemisorption apparatus (Micromeritics
ChemiSorb 2800). The standard pretreat-
ment given all samples included flowing O,
for 1 h, flowing H, for 1 h, and evacuation
for 2 h (all at 450°C) followed by cooling to
35°C under vacuum. Catalysts with a nomi-
nal Rh loading of 0.5 wt% (actual loading
= (.495 wt%) were used for more reliable
chemisorption measurements. The uptake
values reported in Table 3, obtained by ex-
trapolating to zero pressure the linear iso-
therms measured over the range from 10 to
27 kPa, represent the amounts of the individ-

ual adsorbates irreversibly adsorbed onto
the catalyst. H, uptake is virtually indepen-
dent of the Ce loading and corresponds to
~60% Rh dispersion when 1: 1 chemisorp-
tion stoichiometry is assumed between sur-
face Rh atoms and adsorbed hydrogen
atoms. CO uptake is little affected by the
presence of 2 wt% Ce; however, a moderate
decrease in CO uptake (by ~13%) was ob-
served when 9 wt% Ce was added to the Rh/
Al,O; catalyst. The observation of CO/Rh
atomic ratios in excess of unity indicates
that at least part of the Rh exists as isolated
atoms or ions, forming a dicarbonyl species
(i.e., two CO molecules on one Rh site) dur-
ing CO chemisorption.

The presence of a dicarbonyl species on
the catalyst surface was confirmed by IR
spectroscopy of CO adsorption on the 0.5
wt% Rh/ALQO, catalysts with and without
Ce. As shown in Fig. 6, both the Rh/Al,0,
and the Rh/10 wt% Ce/AlLO; catalysts ex-
hibit essentially the same spectral features:
a combination of the linear-CO band (at

TABLE 3
Effect of Ce Loading on H, and CO Adsorption

Metal content H, CcO
{wt%)
Uptake H/Rh Uptake CO/Rh
(pmol/g) {umol/g)
0.5 Rh/0 Ce/AlL O, 14.7 0.61 77.3 1.59
0.5 Rh/2 Ce/AlLO4 15.1 0.62 75.2 1.55
0.5 Rh/9 Ce/Al O, 14.3 0.59 67.9 1.40
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Fi1G. 6. IR spectra (displaced vertically for clarity) of
CO adsorbed on 0.5 wt% Rh/AlLO; with and without
Ce. The spectra were taken at 150°C in flowing CO.

~2060 cm ™!, associated with reduced, con-
tiguous Rh surfaces) and the dicarbonyl
bands (at 2085 and 2020 cm™~!, associated
with isolated Rh sites). Although not shown
in Fig. 6, the intensity of the bridged-CO
band near 1850 cm ™! was low. It is interest-
ing to note that the frequencies for both the
dicarbonyl and the linear-CO species remain
virtually unchanged upon Ce addition to the
Rh/ALO; catalyst. This suggests the ab-
sence of appreciable electronic effects
caused by the Ce additive. Close similarities
in IR spectra of CO adsorbed at room tem-
perature on Rh/SiO, with and without Ce
have also been reported by Solymosi et al.
(21).

The adsorptive properties of CO and NO
on Rh/AlL,O; with and without Ce were also
characterized by temperature-programmed
desorption (TPD) spectroscopy. Figure 7
compares the TPD spectra of CO obtained
using the powder samples scraped off the
surface band of the 0.014 wt% Rh/Al,O; cat-
alysts containing 0, 2, and 9 wt% Ce. Each
of the spectra in Fig. 7, collected after a
CO dose to the saturation coverage, exhibits
two distinct CO desorption peaks: one
around 50°C (associated with CO weakly
adsorbed onto the blank alumina support)
and the other around 230°C (associated with
CO adsorbed on Rh). Considering the rather
broad and poorly resolved nature of the
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spectra, the small shift in the position of
the high-temperature peak (x5 about 230°C)
from one spectrum to another is probably
insignificant. Thus, in accord with the IR
results described above, the CO adsorption
characteristics on supported Rh do not ap-
pear to be significantly altered by the pres-
ence of cerium.

In contrast, substantial changes in NO
TPD spectra were observed when cerium
was added to the Rh/Al,O; catalyst. Figure
8 shows the TPD curves obtained after satu-
ration coverage of NO for the 0.014 wt%
Rh/AlLO; catalysts containing 0, 2, and 9
wt% Ce. For all three catalysts studied, both
molecular NO and N,O desorb in a single,
broad peak centered near 150°C. The major
difference in the NO TPD spectra of Fig. 8
lies in the N, desorption features shown by
the dashed curves. For Rh/ALO; itself
(spectrum a), most N, desorbs in a peak
centered at 430°C, with a small amount de-
sorbing at lower temperatures (<200°C). A
similar N, desorption spectrum has been ob-
served during a recent TPD study of NO on
small (~25 A) Rh particles supported on a-
Al,0; (22). The addition of 2 wt% Ce (spec-
trum b) increases substantially the amount
of N, desorbed at low temperatures, forming
a desorption peak near 140°C. When 9 wt%
Ce was added to the Rh/AlL,O; catalyst

Rh/AIx03

Mass 28 Signal

RA/2% Ce/Al2O3
S~

Rh/g% Ce/Als0O3
M~

1

-100 0

I3 il 1 e, i J
100 200 300 400 500 600
Temperature (°C)

FiG. 7. TPD spectra (displaced vertically for clarity)
of CO from 0.014 wt% Rh/AlLO; with and without Ce.
The samples were initially saturated with CO at 0°C.
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FiG. 8. TPD spectra of NO from 0.014 wt% Rh/
Al,O; with and without Ce. The samples were initially
saturated with NO at 0°C.

(spectrum c¢), the intensity of this low-tem-
perature N, desorption peak increased fur-
ther (without significantly changing its posi-
tion) and became even stronger than that of
the high-temperature peak. Thus, the major
effect of Ce addition on NO TPD features
is the enhancement of the low-temperature
(~140°C) N, desorption peak. Separate TPD
experiments with 9 wt% Ce/Al,0O, (but con-
taining no Rh) showed no appreciable de-
sorption of nitrogen-containing species, in-
dicating little adsorption of NO on Ce/
Al O;. This suggests that the Ce-induced
changes in the N, desorption spectra de-
scribed above are not due to additional de-
sorption features derived from the Ce by
itself, but to interactions between Rh and
Ce on the catalyst surface.

The low-temperature N, peak observed
for the Ce-containing Rh/Al, O, catalysts is
perhaps best attributed to the reaction of
atomic nitrogen with molecularly adsorbed
NO (i.e., NO, + N,— N, + O, + S). This
interpretation is supported by the spectra
shown in Fig. 8; the fact that the low-tem-
perature N, peak is observed only under

SE H. OH

conditions where NO desorption occurs
concurrently suggests that N, is formed at
low temperatures via a reaction involving
molecularly absorbed NO (23). Since the
N,O peak also appears at about the same
temperature as the NO peak, it is reasonable
to assume that N,O is formed by the reaction
NO, + N, —» N,O + 2S (12, 13, 23). The
high-temperature N, peak centered at 430°C
is ascribed to the recombination of adsorbed
nitrogen atoms (23, 24), because previous
spectroscopic studies have shown that all
adsorbed NO has either desorbed or dissoci-
ated by the time the catalyst surface reaches
that temperature (25, 26). The peak temper-
ature of 430°C observed here is similar to
the temperature of the high-temperature N,
peak on Rh(100) (27).

DISCUSSION

The discussion presented in the preceding
section on the interactions of NO and CO
with Rh surfaces suggests that the mecha-
nism of the CO-NO reaction over supported
Rh can be represented by the following set
of elementary processes:

CO +S=CO, (6)
NO + S=NO, 0
NO, + S— N, + O, (8)
NO, + N, = N,O + 28 ©9)
NO, + N,—» N, +0,+S  (10)
N, + N,— N, + 2§ (11)
Co, + 0,— CO, + 2S. (12)

The underlying assumption in the interpre-
tation of our data is that the basic reaction
mechanism described above remains un-
changed upon Ce addition, but the rates of
the individual elementary reaction steps can
be affected by the presence of Ce. Previous
studies (I3, 15) have shown that N,O can
dissociatively adsorb and undergo further
reaction with CO on supported Rh surfaces;
however, due to very weak adsorption of
N,O molecules and their slow dissociation
on the surface, the rate of the N,O-CO reac-
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tion was found to be negligibly low in the
temperature range of our Kinetic experi-
ments (<300°C). Consequently, steps in-
volving readsorption and surface reaction of
N,O have not been incorporated into the
mechanism proposed above.

The rate of NO consumption during the
CO-NO reaction, Ry, is given by

Ryo = 2ry, + 2 o, (13)

where ry, and ry,o denote the rates of N, and
N,O formation, respectively. From reac-
tions 9 through 11, rx, and ry,o can be ex-
pressed, in terms of the surface coverages ¢
values, as

(14
(15)

where ky,, kx,,, and ky,o are the rate con-
stants for reactions (10), (11), and (9), re-
spectively. Substitution of Egs. (14) and (15)
into Eq. (13) yields

RNO = 2 [(kNZ,L + szo)eNooN + kNZHo%\I]
(16)

The first term on the right-hand side of Eq.
(16) is associated with the formation of N,
and N,O at low temperatures, while the sec-
ond term is associated with the high-tem-
perature N, formation step involving re-
combination of adsorbed N atoms. In the
temperature range of our rate measurements
(<300°C), the overall reaction rate over Ce-
containing Rh/AlL,O; would be dominated by
the first term of Eq. (16), with little contribu-
tion from the second term which has a much
higher activation energy (estimated to be
~40 kcal/mol from Fig. 8). For Rh/ALQ;,
however, the low-temperature processes
represented by the first term are strongly
suppressed (as evidenced by their low inten-
sities in the TPD spectra of Fig. 8a) and
thus cannot dominate the CO-NO reaction
kinetics throughout the temperature range
of interest here. Consequently, as illustrated
in Fig. 3, the rate data for Rh/Al,O; are
characterized by two distinct apparent acti-

er = sz,LBNOON + kNZ,HBNZ

o = szOaNOGN’
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vation energies—one corresponding to the
low-temperature processes (reactions (9)
and (10)) and the other to the high-tempera-
ture process (reaction (11)).

A kinetic analysis of the CO-NO reaction
by Hecker and Bell (12) indicates that when
the dissociation of NO (reaction (8)) is the
rate-limiting step, the catalyst surface would
be predominantly covered with molecularly
adsorbed NO and thus a negative first-order
dependence on NO partial pressure (i.e.,
strong NO inhibition effect) is expected for
the overall reaction rate. However, our rate
data in Table 2 show drastically different
dependencies on NO partial pressure:
—0.05 or —0.14 for Rh/AL,O; and +0.40 or
+0.30 for Rh/Ce/Al,O,. Such weak nega-
tive or moderate positive reaction orders in
NO suggest that the NO dissociation rate
over the Ce-free and Ce-containing Rh/
AL O, catalysts is fast enough not to be rate-
limiting under the conditions of our experi-
ments. Our earlier kinetic modeling study of
the CO-NO reaction over Rh (28) has
shown that when the NO dissociation rate
is reasonably rapid, the catalyst surface is
largely covered with both adsorbed nitrogen
atoms and molecularly adsorbed NO, and
the surface coverages by CO,, O, and vacant
sites are very small. (The low surface cover-
age of CO is a direct consequence of the
increased CO desorption rate resulting from
strong N,—CO, repulsive interactions on the

surface (28).) Thus,
Oxo + O =~ L. (17)

At 260°C, where the isothermal data of
Table 2 were obtained for Rh/ALO; and Rh/
Ce/ALO,, the NO consumption rate given
by Eg. (16) can be approximated by

(18)

Upon substitution of Eq. (17), Eq. (18) be-
comes

Ryo = 2(ky,, + kn,0)0no(l = Ox0). (19)

Ryo =~ 2ky,, + kn,0)0n00N-

Equation (19) indicates that the rate of the
CO-NOreaction atlow temperatures would
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exhibit a positive-order dependence on NO
partial pressure at low surface coverages of
NO and anegative-order dependence at high
Ono- This implies that under the conditions
of our isothermal experiments at 260°C, the
surface of the Rh/Al,O; catalyst is covered
with a relatively high concentration of ad-
sorbed NO molecules (6yg > 0.5) while the
surface coverage of NO for the Ce-contain-
ing Rh/Al,O; catalyst is low. This difference
in the surface coverage of NO under reac-
tion conditions strongly suggests that the
NO dissociation rate is substantially higher
on Rh/Ce/Al,O; than it is on its Ce-free
counterpart.

Regarding the mechanism by which ceria
promotion of Rh/AL,Q; might enhance the
dissociation of NO, it is conceivable that
near the perimeter of ceria islands, NO can
adsorb in such a fashion that the nitrogen
end of the molecule is attached to the Rh
and the oxygen end to an oxygen-deficient
cerium species. This concurrent interaction
of both ends of the NO molecule with the
catalyst surface should weaken the N-O
bond and thereby facilitate NO dissociation.
A similar mechanism has been proposed to
explain the effects of metal oxide promoters
on the dissociation of CO (29-32). Further
spectroscopic work aimed at directly moni-
toring NO dissociation would be required to
clarify and verify our mechanistic hypothe-
sis on the role of ceria additives in facilitat-
ing the dissociation of NO on supported Rh
surfaces.

The underlying reasons for the weak low-
temperature N, desorption peak observed
for Rh/Al,O; in Fig. 8 are uncertain. In prin-
ciple, the suppression of the low-tempera-
ture N, desorption feature (which involves
areaction between adsorbed NO and N) can
occur as a result of low surface concentra-
tions of N atoms encountered when the NO
dissociation step is slow enough to be rate-
limiting. However, this possibility can be
ruled out on the basis of the NO partial pres-
sure dependencies presented in Table 2,
which suggest that the NO dissociation step
on Rh/Al,0,, although slower than that on

SE H. OH

Rh/Ce/Al,Q;, is reasonably fast. Our argu-
ment is further supported by the results of a
recent NO TPD study by Altman and Gorte
(22). Thus, the difference in the low-temper-
ature N, desorption rates between Rh/Al, O,
and Rh/Ce/Al,O; shown in Fig. 8 is likely
to reflect changes in the intrinsic rate of N
atom removal from the surface, rather than
changes in surface concentrations caused by
different NO dissociation kinetics.
Equation (16) indicates that the selectivity
of Rh for forming N, versus N,O at low
temperatures is determined by the relative
magnitudes of the rate constants, kx,, and
kx,0. The low intensities of the low-tempera-
ture N, and N,O peaks in the TPD spectra
for Rh/Al,O5 shown in Fig. 8a make it diffi-
cult to draw a definite conclusion about their
relative magnitudes. However, it is clear
from Figs. 8b and 8¢ that an increase in the
Celoading increases the intensity of the low-
temperature N, peak relative to that of the
N,O peak. This observation is consistent
with the results of our reactor experiments,
which show the suppression of N,O forma-
tion in the presence of cerium (see Fig. 1).

CONCLUSIONS

Our laboratory reactor experiments have
shown that the addition of cerium to a low-
loaded Rh/AlLO, catalyst results in modifi-
cations of the kinetics of the CO-NO reac-
tion. The Ce-induced changes in the kinetics
include suppression of N,O formation, de-
creased apparent activation energy, and a
shift to a positive-order dependence of the
rate on NO partial pressure. Results of IR
and TPD studies show that the CO adsorp-
tion characteristics on Rh/Al,O, are not sig-
nificantly altered by the presence of Ce.
However, substantial differences were ob-
served in the N, desorption features during
NO TPD from Rh/Al,O; and Rh/Ce/Al,0O;.
The major difference is in the amount of
N, desorbing in the low-temperature peak
centered around 140°C, which is assigned
to a reaction between adsorbed NO and N
atoms; the intensity of the low-temperature
N, desorption peak increases substantially
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as cerium is added to the Rh/AlL O, catalyst.
Also, the simple kinetic analysis presented
here suggests that the surface coverage of
NO under reaction conditions is higher on
Rh/ALQ, than it is on Rh/Ce/ALQ,, pre-
sumably as a result of a higher NO dissocia-
tion rate in the presence of Ce. This en-
hancement of the NO dissociation rate and
the low-temperature N, desorption rate ap-
pears to be responsible for the observed Ce-
induced modifications of the CO-NO reac-
tion kinetics.
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