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NO reduction by CO over automotive exhaust gas catalysts
in the presence of O»
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The reduction of NO by CO in absence and presence of O, has been investigated by transient experiments at automotive cold-start
conditions over Pt/Rh/CeO,/y-Al,0O3, and derived model catalysts. A high-resolution magnetic sector mass spectrometer was used for
distinguishing CO/N» and CO2/N20O. Mechanistic comparisons are made between the catalyst formulations. A kinetic scheme of elementary
reaction steps is proposed, which highlights the various contributions of the catalyst constituents.
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1. Introduction

Nowadays, removal of harmful components in an auto-
motive exhaust is commonly achieved by the application of
a so-called three-way catalytic converter. During the cold-
start period, i.e., before the light-off of the monoalith, the low
temperature of the catalytic surface causes too slow reaction
kinetics to achieve afull conversion of all pollutants, result-
ing inamajor contributionto pollution. Therefore, adetailed
insight in the relevant reaction mechanisms and kinetics at
cold-start conditions could assist in optimisation of the cat-
alytic converter and/or the catalytic formulation, as well as
in the development of new control strategies[1].

Especially NO reduction to N has proven to be a large
problem, because of alow conversion of NO in the exhaust
under lean conditions. Thisis also a main drawback of the
application of lean-burn and diesel engines, which produce
exhaust gases with high oxygen concentrations.

The mechanism of the catalytic reduction of NO for au-
tomotive purposes has been widely studied. Notably NO re-
duction by hydrocarbons draws a lot of attention nowadays
for its potential application under net oxidising conditions.
NO reduction by CO under excess oxygen, however, is still
not well understood from a viewpoint of elementary step ki-
netics, which is an important item since automotive operat-
ing conditions are dynamic while ceriais present in automo-
tive catalysts as an oxygen storage component. Therefore,
the NO reduction by CO is studied in this paper with tran-
sient kinetic methods via cycling of the reactor feed compo-
sition.

As noble metals Pt, Rh, Ru, Pd, Ir and alloys on au-
mina, ceria and cerialalumina have been investigated [2].
Rh-containing catalysts were found to achieve higher NO
conversion than other noble metals[3,4].

* To whom correspondence should be addressed.

The type of support material was found to have a small
influence on the kinetics of the NO reduction [5]. An ex-
ception concerns the presence of ceria. Ceria can take up
the oxygen from dissociating NO on the noble metal [5,6],
although thisis also explained by an oxygen spill-over from
the noble metal to the ceriasurface [7]. Furthermore, it was
found that NO is able to adsorb onto reduced ceriain com-
bination with oxygen transfer from ceria to the noble metal
[8-10]. Maunulaet al. [11] investigated the reduction of NO
by hydrogen over severa catalysts with transient response
techniques. They found that ceria-containing catalysts have
ahigher activity and a higher surface capacity than catalysts
without ceria. Trovarelli [9] mentions that NO adsorbs onto
ceria which promotes NO desorption as N2 at much lower
temperatures than ceria-free samples.

Generally, three different mechanisms have been pro-
posed in literature. The most used mechanism [4,12-16]
involves reversible associative adsorption of both CO and
NO on vacant noble metal sites. Subsequent NO dissocia-
tion requires another vacant noble metal site. The nitrogen
adatoms may recombine to form Ny, or react with another
adsorbed NO to form either gaseous N2O or gaseous N,
leaving an oxygen adatom on the surface. Adsorbed CO re-
acts with oxygen adatoms to give gaseous CO». According
to Permana et a. [16], this mechanism is not altered when
oxygen is present in the gas phase. Leclerqg et al. [17] pro-
posed a similar mechanism to explain the reduction of NO
by CO in the presence of O,. Generally it is concluded that
O adsorption inhibits the NO reduction, but at very low
oxygen concentrations oxygen may create additional vacant
sites, leading to an enhancement of the NO dissociation.

In an alternative mechanism [18-20], the dissociation of
adsorbed NO does not require a vacant noble metal site, but
is assisted by adsorbed CO, yielding gaseous CO,, a nitro-
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gen adatom and a vacant site. The influence of oxygen was
not considered in that context.

Another mechanism [21-23] proposes two adsorbed NO
molecules, which react together to form either gaseous ni-
trogen or N2O and oxygen adatoms. Also in this case, no
vacant sites for NO dissociation are required and this mech-
anism is said not to be altered by the presence of gaseous
oxygen [22].

This paper provides new mechanistic insight into the
contributions of the separate components of a commercial
Pt/Rh/CeO,/y-Al203 three-way catalyst in terms of elemen-
tary steps, e.g., the interactions of NO with ceria. A unique
perspective is given, by comparing transient experiments
over the Pt/Rh/CeO,/y -Al203 catalyst with experiments us-
ing the model formulations Pt/y -Al>O3 and Pt/Rh/y -Al2 O3,
and their respective carriers y-Alo0O3 and CeOo/y-Al203.
The introduction of a high-resolution mass spectrometer in
this type of research allows measuring al relevant com-
pounds, including CO and N, separately.

2. Experimental

The experimental set-up, used for the transient reduction
of nitric oxide by carbon monoxide via cyclic feeding, has
already been described in detail [24-27]. By means of mag-
netic valves, two gas feeds, each having a different compo-
sition, and kept separated up to the catalyst bed via release
valves, can be alternated over the fixed-bed reactor with an
adjustable frequency up to 10 Hz. One feed contains the
rich compound CO, the other the lean components NO and
0. Typical Otto engine exhaust gas concentrationswere ap-
plied with He as a diluent. The total gas flow of each feed
was aways equal to 5.6 mmol/s. Thetotal pressure was kept
constant at 110 kPa.

Compared to earlier reported experiments with this set-
up, the gas analysis was changed. The transients in the
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gas composition were monitored in real time just above and
below the catalyst bed by an on-line magnetic sector mass
spectrometer (Jeol IMS-GCmate) at a resolution of 5000
(20% cut), enabling separation of the isobaric masses of CO
(m/e = 27.9949) and N2 (m /e = 28.0062) on the one hand,
and COz (m/e = 43.9898) and N2O (m/e 44.0011)
on the other hand. As far as known, thisis the first appli-
cation of a high-resolution mass spectrometer for this type
of research. Mass spectrometry analysis was carried out in
selected ion monitoring (SIM) mode with a sampling fre-
guency of 25 Hz on N2, CO, NO, Oz, CO», N20O, and NO».
All experiments were performed in an isothermal reactor,
as observed from thermocouple measurements. An exam-
ple of measured inlet signals of CO, NO, and O, versus
time can be seen in figure 1. The signals approach a per-
fect block form. The reactor residence time is very short
(approximately 10 ms) compared to the time scale of the ex-
periments.

Thecatalystsand carrierswere provided by Degussa Met-
ads Catalytic Cerdec A.G., dmc?. The catalysts contain
0.398 wt% Pt, 0.080 wt% Rh (if present), and 28 wt% ceria
(if present), with y-Al>Og3 as support. The noble metal ca
pacity equals 8.0 mmol/kg for the Pt catalyst, 12.1 mmol/kg
for the Pt/Rh catalyst, and 18.0 mmol/kg for the ceria-
containing catalyst. These capacities were determined by
CO chemisorption, using stoichiometries of 1 CO per Pt and
2 CO molecules per Rh atom [24]. The reactor contained
typicaly 0.9 g of catalyst or carrier and 1.4 g of inert -
Al>03 (0.15-0.21 mm) for dilution. The catalysts and carri-
ers were pre-treated at 773 K with oxygen in helium during
1 h, followed by reduction with hydrogen in helium for 2 h.
More details on this procedure were reported el sewhere [ 24,
26]. All experiments were carried out under conditions for
intrinsic chemica kinetics, when judged with well-known
criteriathat were devel oped for steady state kinetic research.
For the mgjority of data, the intrinsicity is not affected by
cycling of the feed [25], although this cannot be guaranteed
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Figure 1. Reactor inlet concentrations versus time, aternating 0.5 vol% CO in He with 0.1 vol% NO and 0.4 vol% O in He at 1/10 Hz.
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Table 1

Range of experimental conditions.
pTOT 110 kPa
J 0.0-0.55kPa
Poygen 0.35-1.05 kPa
Plo 0.0-0.10 kPa
f 0.1-0.05 Hz
T 523-548 K

very shortly after switching from one feed to the other. The
range of the experimental conditionsis depicted in table 1.

3. Resultsand discussion

In this section, the experimental results are presented and
discussed in order of increasing catalyst complexity. First,
the influence of the separate carriers is shown, where after
an elementary step model for the Pt/y-Al>03 is presented,
based on the experimental results. Subsequently, the dif-
ferences between this catalyst and the Pt/Rh/y-Al,O3 and
Pt/Rh/CeO,/y-Al,03 catalysts are presented. All experi-
ments shown were performed at a reactor temperature of
548 K. The oxidation of carbon monoxide is assumed to
proceed as described by the kinetic models of Nibbelke et
al. [26] for the ceria-containing catalyst and Hoebink et al.
[25] for the non-ceria-containing catalysts.

3.1. The carriers: y-Al,03 and CeOo/y-Al203

No reaction or adsorption of NO, CO, and O, on pure y -
Al>,0O3 was observed. The carrier can therefore be assumed
asinert. In aprevious study, it was found that CO, can re-
versibly adsorb onto the carrier [ 25,26].

The cerialdumina carrier, containing 28 wt% ceria, was
investigated for its behaviour towards NO. Starting from
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completely reduced ceria, it was found that NO is able to
adsorb and desorb onto the ceria surface. Figure 2 showsre-
actor outlet concentrationsof NO versustimewhen 0.1 vol%
NO in He is alternated with pure He at 1/20 Hz. The de-
lay in reaching the 0.1% inlet level (interval 20-30 s) corre-
sponds with NO adsorption, while the tail approaching zero
(r = 3040 s) concerns NO desorption. When adsorption on
ceriasitesis assumed, it can be described as

oy

In this text, the forward step will be referred to as step f,
while the backward step is aluded to as step b. Here “s”
denotes vacant sites on the ceria. A subsequent experiment
with NO and CO in alternating feeds did not yield signifi-
cantly reaction products, thus excluding chemical reactions
on the surface. Apparently ceriais unable to dissociate NO
at 548 K. Also, no significant adsorption and desorption of
CO was observed.

When oxygen is fed to ceria after the standard pre-
treatment procedure and exposure to NO, oxygen does not
adsorb, meaning that NO blocks reduced ceria sites. Fur-
thermore, after hours of exposure of ceriato NO, avery slow
desorption of the latter into a helium flow can be observed
even after hours of time-on-stream. This indicates that NO
can diffuseinto thereduced cerialattice, asisaready known
for oxygen. Asthis processtakes place on atime scale much
longer than the time scale of feed alterations during the tran-
sient experiments, NO bulk diffusion was discarded with re-
spect to thistype of experiments.

After reducing the ceria again for 3 h with 5% H in He
at 773 K, the oxygen ability to adsorb onto ceria returned.
When CO is fed to oxidised ceria, small amounts of CO»
arefound. Significant CO conversion could, however, not be
detected.

When, after long-time exposure to oxygen, NO and He
are alternated again over the catalyst carrier, exactly the
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Figure 2. Reactor outlet concentrations of NO, when alternating 0.1 vol% NO in He with a pure He flow over CeO,/y-Al,03 at 548 K. The oxidation
state of ceria does not matter.
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Figure 3. Reactor outlet concentrations versus time, aternating 0.5 vol% CO in He with 0.1 vol% NO in He at 1/10 Hz, at 548 K over Pt/y-Al>03.

same adsorption and desorption behaviour is found as for
the reduced ceria, see figure 2. This means that NO adsorbs
on both reduced and oxidised ceriawith the samerate. This
requires additional elementary steps:

NO(g) + Os= NOzs 2
Since, independent of the oxidation state of the ceria, the
same amount of NO adsorbs or desorbs, it seems reasonable
to assume that the same locations on the catalyst surface are
involved. As no gaseous NO> was observed during the ex-
periment, it cannot be said whether actually NO; is formed
on the ceria, or both NO and O are co-adsorbed on the same
site.

3.2. The Pt/y-Al;O3 catalyst

Figure 3 shows the results of an experiment where
0.5vo0l% CO at thereactor inlet was aternated with 0.1 vol%
NO with afrequency of 1/10 Hz. At the end of the CO half-
cycle (r = 1.0 s) the noble metal surface is assumed to be
fully covered by CO. Immediately after the switch to the NO
feed has been made, N>O, CO», and N2 are detected at the
end of the reactor. NO remains fully adsorbed by the reac-
tor for approximately 0.3 s. At this temperature CO sowly
desorbs, leaving vacant sites onto which NO can adsorb:

NO(g) + * = NOx (3)

Vacant sites on the noble metal are here written as“x”. The
production of N2O requires the dissociation of NO, which
involves extravacant sites:

NOx* 4+ * — Nx + Ox 4
N2O isthen formed by

NOx + Nx = N2Ox + * (5)

and subsequent desorption:

NoO* = N2O(g) + * (6)

Actualy, the sorption of N2O isreversible, aswill be shown
later. The oxygen adatoms from the dissociating NO will
be rapidly converted to CO», which was believed to desorb
instantaneoudly [26].

The immediate formation of N2O together with COs in-
dicates that both N2O formation (step 5) and desorption
(step 6f) are fast under the conditions at that specific time.

Nitrogen can be produced in two different ways, where
the first is known to be more important at low temperatures
[12,22]:

N2O# — Np(g) + Ox (7

(8)

As the Nx coverage will be very low, immediately after
switching, and because N2O is formed immediately, step 7
is more likely to be of importance than step 8 right after the
switch.

Finally, a small amount of NO is observed which grad-
ually increases in time during the NO half cycle. The for-
mation of NO» requires oxygen adatoms, which will not be
present in large quantitiesjust after the switch, but will accu-
mulate on the catalyst surface when the NO half cycle pro-
ceeds. In a separate experiment it was found that NO is able
to adsorbimmediately on aPt/y -Al,Os surface fully covered
with oxygen, which justifies the forward step (the backward
step will be discussed later):

Nx + Nx — No + 2%

NO(g) + O = NOgs (9)

NO2# = NOg(g) ++ (10)

The data do not provide evidence for NO, adsorption as
its concentration was quite low in all considered experi-
ments.
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Figure 4. Reactor outlet concentrations versus time, alternating 0.5 vol% CO in Hewith 0.1 vol% N> O in He at 1/10 Hz, at 548 K over Pt/y-Al203.

After the switch to the lean feed, adsorbed CO on the
noble metal surfaceis gradually exhausted, and replaced by
oxygen adatoms and N-containing species. This will lead
to a decreasing number of vacant sites, slowing down espe-
cialy the dissociation of NO (step 4) and the adsorption of
NO (step 3f). Therefore, al reactionswill gradually stop and
the NO concentration will reach itsinlet level.

Immediately after the switch from the NO feed to the CO
feed is made, strong desorption of NO from the noble metal
surface takes place, even to such an extent that the NO con-
centration temporarily exceedsitsinlet level. Such phenom-
ena have been seen before for Ru/SIO, and for Pt at 300 K
[28,29]. Apparently, NO desorption is a very fast process,
which can occur via steps 3b and 9b. Re-adsorption of NO
will then be prevented because of the faster adsorption of
gaseous CO, which could be seen as atype of cross desorp-
tion. A role of adsorbed NO; in this process cannot be ex-
cluded, as will become clear later. Simultaneously, N2O,
N2 and CO; are produced. This indicates that vacant sites
arise on the noble metal surface, enabling dissociation of
NO, leading to the mentioned products as described before.
The CO, production could be ascribed to reaction between
adsorbed CO and oxygen adatoms, or between gaseous CO
and oxygen adatoms [25]. A very low coverage of oxygen
adatoms leads to a very low amount of gaseous NO5.

Figure 4 showsthe results of an experiment, similar to the
one in figure 3, except for the fact that N2>O has been fed in
the lean half cycle, instead of NO. It can be seen that adsorp-
tion of N2O is (step 6b) a slower process than the adsorption
of NO (step 3f), as the former adsorbs only in part on the
noble metal surface immediately after the switch from CO
to N2O (r = 0's). The N2O adsorption is accompanied by
N2 production, which pointsto step 7.

After theinitial break-through of the N>O signal, N2O ad-
sorbs almost completely, when sufficient sites have become
available through CO desorption and reaction to N2 (step 7).

The latter reaction yields oxygen adatoms, which will react
with adsorbed CO. The slow start of the CO, production is
remarkable, as O adatoms should be available from N2>O de-
composition. It is possible that some N2O decomposes into
NO (step 5b), which can desorb (step 3b) and then cover the
oxygen adatoms (step 9f).

When comparing figures 3 and 4, it can be seen that the
reduction of N2O (figure 4) yields much more N than the
reduction of NO (figure 3). There are two reasons: (1) the
stoichiometry leads to twice as much N in the case of N2O
compared to the reduction of NO, and (2) NO reduction re-
quires vacant sites for the dissociation of NO (step 4), while
vacant sitesare not required for N2O decomposition (step 7).
This means that in the N2O case the reactions will stop
only when the surface becomes largely occupied with oxy-
gen adatoms. The latter apparently occurs near the end of
the lean half-cycle, when N2 and CO, production declines,
and the N2O concentration rises to the inlet level. A small
amount of NO is observed as well, indicating that step 5 is
reversible. The high O coverage is also resembled by the
larger CO, peak, when switching from the N,O half cycle
to the CO hdf cycle (r = 5.3 9). It isremarkablethat in the
N2O experiments similar quantities of NO, were measured
asinthe NO experiments. Thisalso indicatesthat some N,O
decomposes into NO, which may adsorb on O adatoms and
desorb as NOa.

The outlet concentrations versus time of an experiment
where NO + O3 is alternated with CO can be seen in fig-
ure 5. When compared with the same experiment in the
absence of oxygen (figure 3), the NO signal shows two
major differences. much less adsorption takes place at the
beginning of the NO half cycle showing even a small break-
through peak, and the desorption behaviour after the switch
to the CO half cycleis completely different. The difference
in adsorption can be explained by the relatively fast adsorp-
tion and reaction of oxygen. The CO, peak, when O, is
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Figure 5. Reactor outlet concentrations versus time, alternating 0.5 vol% CO in He with 0.1 vol% NO and 0.4 vol% O» in He at 1/10 Hz, at 548 K over
Pt/y-Al>O3.

fed, ishigh and sharp, indicating a very fast oxidation of ad-
sorbed CO by adsorbing O,. This means that the surface
will quickly be dominated by oxygen adatoms onto which
NO is apparently able to adsorb quite slowly through step
9f. NO adsorbsimmediately on both vacant sites (only few
are available as can be seen from the small N2 and N2O pro-
duction) and O adatoms, but both reaction rates are too slow
to reach a full NO conversion. NO adsorption on Ox leads
to NO» desorption, as seen from the NO» gas phase concen-
tration, which slowly increasesin time. The NO adsorption
proceeds quite long, however, because the NO signal very
dowly approachesits inlet level. NO» (step 10f) and NO
(step 9b) desorption seems rather slow as appears from the
tailing of the NO2, NO, and CO» signals.

After the switch to the CO half cycle, oxygen adatomsare
available for reaction with CO to CO» either directly or by
desorption of NO from adsorbed NO,. The relatively large
NO, peak (r = 6.5 ) indicates vacant sites become avail-
able as well. The catalyst surface is mostly covered with
NO, at the end of the lean half cycle. Thisis supported by
the long tail in the CO, signal, which emanates from the
oxygen adatoms formed by a slow NO» decomposition. The
high and immediate peak in the CO, signal may indicate that
CO reacts via both Langmuir—Hinselwood and Eley—Rideal
type of steps[25]. At both switching moments, the produc-
tion of N2 and N2O is very low, because of the low fraction
of vacant sites on the noble metal, which are required for
the dissociation of NO (step 4). The NO responses at the
second half of both half cyclesfollow the gas phase concen-
tration of NO in either a dow decrease (CO half cycle) or a
slow increase (NO half cycle).

3.3. The Pt/Rh/y -Al,03 catalyst

The influence of Rh in the catalyst is derived from a
comparison of transient experiments on a Pt/Rh/y-Al2O3

catalyst and on the Pt/y-Al,O3 catalyst, described be-
fore.

Figure 6 shows an experiment with alternating 0.5 vol%
CO in He and 0.1 vol% NO in He. This figure compares
with figure 3 on the Pt catalyst. The major differenceis the
larger conversion of all compounds on the PY/Rh catalyst.
The CO» peak at the switch from the CO feed to the NO
feed (r = 1.3 s) hasamuch larger area. This areais almost
fully determined by the amount of CO, adsorbed on the cata-
lyst just before this switch. Thelarger areaindicates that the
Pt/Rh catalyst simply contains more active noble metal sites
than the Pt catalyst. This already explains the major differ-
ences between the two catalysts. There are, however, some
other dissimilarities.

Immediately after the switch from the CO feed to the NO
feed (r = 1.3 s) more N and less gaseous N2O is produced
than on the Pt catalyst, which indicates that the decomposi-
tion of N2O is faster on the Pt/Rh catalyst. The enhanced
dissociation of NO, caused by the presence of Rh, can also
be seen from the quite large N2 peak at the switch from NO
to CO(t = 6.0s). TheNO signal missesits sharp desorption
peak, whichis present in the Pt catalyst experiment. Clearly,
the dissociation/desorption ratio of NO is more favourable
when Rh is present.

Whilethe Pt catalyst produces N2O two times per period,
the NO signal from the Pt/Rh catalyst has three maxima.
At the end of the CO half cycle, the noble metal surface is
more or less fully covered with CO. After the switch to NO
has been made, some CO will desorb, and NO can adsorb
(step 3) and partly dissociate (step 4) on the vacant sites.
This will give Nx next to NOx on the noble metal surface
leading to the first NoO maximum at ¢+ = 1.3 s (steps 5
and 6). The proceeding reactions produce extra vacant sites,
which enhances the dissociation rate of NO and decreases
the N2O production. When surface CO gets depleted, CO,
formation decreases, so it will become more difficult to re-
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Figure 6. Reactor outlet concentrations versustime, alternating 0.5 vol% CO in Hewith 0.1 vol% NO in He at 1/10 Hz, at 548 K over Pt/Rh/y-Al,O3.
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Figure 7. Reactor outlet concentrations versus time, alternating 0.5 vol% CO in He with 0.1 vol% NO and 0.4 vol% O, in He at /10 Hz, at 548 K over
Pt/Rh/y-Al203.

move Ox from the surface. Due to fewer vacant sites, not
all NO can dissociate anymore, and the resulting N adatoms
next to molecular adsorbed NO will form N2O for the sec-
ond time until the end of the NO half cycle. Only when the
switch to the CO feed is made, are vacant sites created again
to invoke N2O production.

Also for the Pt/Rh catalyst the influence of the presence
of oxygen islarge. Figure 7 shows the results of a transient
experiment where CO isaternated with amixture of NO and
Oo. Thisfigure is compared to figure 5 for the Pt catalyst.
Especially the conversion of CO and O is much higher over
the Pt/Rh catalyst, resulting in larger CO, peaks. Also more
NO is converted to N2, as was also seen in the experiments
without O,. NO adsorption is more pronounced and there
is less desorption. These aspects can again be ascribed to
the above mentioned changes in number of sites, leading to

higher conversionsof all compounds. Also reaction ratesfor
most stepsinvolving NO will be higher on the Pt/Rh catalyst
compared to the Pt catalyst. Summarising the effect of Rh
addition to a Pt cataly4t, it can be said that the mechanism
is not altered, but that the rates of especialy the following
steps are higher: NO dissociation (step 3), N2O decomposi-
tion (step 7), NO2 formation (step 9f). Thisis an important
conclusion for kinetic modelling, as it appears that no dis-
tinction has to be made between Pt and Rh sites.

3.4. The Pt/Rh/CeO/y -Al,03 catalyst

The experimental results from the previous section are
compared with similar transient experimentsover acommer-
cialy available Pt/Rh/CeOz/y -Al,03 catalyst. Asthiscata
lyst contains ceria, steps 1 and 2 apply hereaswell. Figure 8
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Figure 8. Reactor outlet concentrations versustime, aternating 0.5vol% CO in Hewith 0.1 vol% NOin Heat /10 Hz, at 548 K over Pt/Rh/CeOo/y-Al»03.

shows the results of an NO reduction experiment in the ab-
sence of Oy, which is comparable with the experiment from
figure 6 over the Pt/Rh catalyst. The mgjor differences be-
tween the two experiments are the amounts of N2 and CO,
produced: the ceria-containing catalyst produces more than
twice as much of both products. As was mentioned before,
the production of N duringthe NO half cyclewill stop when
NO dissociation is hindered by absence of vacant sites be-
cause of accumulation of oxygen adatoms on the noble metal
surface. Thefact that thismoment isstrongly delayed for the
ceriacatalyst, indicatesthat ceriais able to take oxygen from
dissociated NO. Two possible pathways for this process are
known from literature: oxygen adatoms could spill over to
the ceriasurface[7], or atype of bifunctional dissociation of
NO adsorbed on the noble metal could take place[5,6]:

NOx + s— Nx 4 Os (11)

Ascanbeseeninfigure8 (+ = 2-6s), the NO conversionis
complete for aimost the entire half cycle, and also the N2O
production is very low. Under these conditions the dissoci-
ation of NO is quite fast, so the fractional surface coverage
of NO is expected to be very low. The main path for N2
formation is therefore likely to be the recombination of two
N adatoms into N2 (step 8). Only near the end of the NO
half cycle, the N2O and NO concentrations start to rise, in-
dicating a significant decrease in the fraction of vacant sites.
The absence of alarge amount of oxygen on the noble metal
also leads to a very low amount of NO2 produced. Thein-
creased oxygen storage can very well be seen from the large
COg peak after the switch from the NO to the CO half cy-
cle. Itsincreased area, compared with the experiment over
the Pt/Rh catalyst, is directly related with the larger oxygen
storage capacity of the ceria catalyst. Besides the presence
of ceria, also alarger noble metal dispersion is a partial ex-
planation for larger storage capacities of the catalyst.
Ashardly any NO is present on the catal yst, no desorption
is detected after the switch to the CO feed. It is remarkable

that the amount of CO, produced in the NO half cycle over
the ceria-containing catalyst is more than the correspond-
ing amount of CO, produced in the NO half cycle over the
Pt/Rh catalyst. Principally, the amount of CO, produced af-
ter the switch to the NO feed, is solely determined by the
amount of CO on the catalyst just before the switch is made.
Apparently, the ceria-containing catalyst can store more CO
than the Pt/Rh catalyst. The higher noble metal capacity can
probably only partly explain this difference. Other explana-
tions could be reversible CO spill-over from the noble metal
to the ceria, or differencesin CO adsorption/desorption equi-
libria leading to higher surface coverages on the ceria cata-
lyst compared to the Pt/Rh catalyst during the rich half cy-
cle

The transient reduction of NO by CO in the presence of
Oz over the commercial Pt/Rh/CeO5/y-Al,03 catalyst can
be seen in figure 9. Compared with figure 7 for the Pt/Rh
catalyst, it can be seen that ceria has a large influence on
all conversions. When ceriais present much more NO ad-
sorbs, but significantly less than in the absence of oxygen
(figure 8). Combined with the fact that much less N is
produced, it can be concluded again that the dissociation of
NO is largely inhibited by the oxygen on the noble metal.
Oxygen inhibition does not hinder NO adsorption on ceria,
which NO isreleased after the switch to the CO feed ismade.
The desorption peak is likely a combination of desorption
from the noble metal, probably from NO2* decomposition
because of the relatively slow desorption, and desorption of
NO from ceria. The N2O signalsfollow the N2 signals, indi-
cating that under these conditionsthe decomposition of N2O
is the most important path for N2 formation.

Both CO, peaks are larger for the commercia catalyst
than for the Pt/Rh catalyst. As before, the CO» peak in the
CO haf cyclecan be explained by the presence of oxygenon
ceria, which can oxidise CO on the noble metal via the bi-
functional path [26]. This path is hindered by NO, adsorbed
onto ceria oxygen (step 2) explaining the long CO; tail at
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Figure 9. Reactor outlet concentrations versus time, aternating 0.5 vol% CO in He with 0.1 vol% NO and 0.4 vol% O, in He at 1/10 Hz, at 548 K over
Pt/Rh/CeOs/y-Al203.

Table 2
Elementary step model for the transient NO reduction by CO in the
presence of O, over a Pt/Rh/CeO5/y-Al,O3 three-way catalyst.2

Step No. Elementary reaction step

NO(g) +s= NOs
NO(g) + Os= NOzs
NO(g) + * = NOx
NOx + % — Nx + Ox
NOs# + Nx = NoOx + =
N20x = N2O(g) + *
N20% — Np(g) + Ox
N 4+ N — No + 2«
NO(g) + Ox = NO2x
NO2+ = NOg(g) + *
NO#* + s— Nx + Os

© 00O ~NO O~ WN PR

[T
= O

aThe steps for CO oxidation were reported in [26].

the last part of the half cycle. Theincreased CO; production
after the switch to the NO + O half cycle can again only
be explained by the presence of CO on the ceria caused by
spill-over from the noble metal during the CO half cycle.

A complete model for NO reduction by CO under net
oxidising conditions over a Pt/Rh/CeO,/y-Al,03 catayst is
summarised in table 2, which results from adding additional
steps for bifunctional reactions and reactions on ceriato the
elementary step model, proposed for the noble metal catalyst
without ceria.

4. Conclusions

e Various constituents of the commercia Pt/Rh/CeQO,/
y-Al,03 catalyst have been studied separately with re-
spect to the transient reduction of NO by CO in the pres-
ence and absence of oxygen.

e Thecomparison of several model catalyst formulationsis
a successful approach for understanding complex indus-
trial catalysts.

e The transient experiments provided new mechanistic in-
sights, such as: reversible adsorption of NO on ceria ap-
peared independent of the oxidation state of ceria, indi-
cations of bulk diffusion of NO into ceria, ceria cannot
dissociate NO, but can store O atoms from NO dissociat-
ing on the noble metal.

e Chemisorbed CO does not directly react with chemisorb-
ed NO, but leads to additional desorption of NO through
cross-desorption.

e N2 and N2O formation only occur after NO dissociation,
which isinhibited by the presence of oxygen.

e The main path for N2 formation proceeds by N>O de-
composition.

e The reduction of gaseous N2O proceeds slower than the
reduction of NO, because of slow N,O adsorption.

e The presence of Rhin the catalyst accel erates the rate of
certain reaction steps, but does not alter the mechanism.

¢ A high resolution mass spectrometer is avery useful tool
for transient experiments, in which isobaric masses oc-
cur.
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