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The activity of Rh/ALO; catalysts for CO oxidation was investigated by transient isotopic pulse
experiments using a packed-bed reactor. This transient experimental scheme revealed significant
CO dissociation activity during CO oxidation over Rh/ALO; catalysts. Results indicate that the
oxidation of CO proceeds via dissociative oxidation by its own oxygen as well as via direct
oxidation by gas-phase oxygen on well-dispersed Rh/Al,O; catalysts. The rate of CO dissociation is
on the same order of magnitude as the rate of CO oxidation; under steady-state conditions at 300°C,
the rate of CO dissociation is approximately half that of direct oxidation. Differences in CO
dissociation activity between single-crystal Rh surfaces and well-dispersed supported Rh particles
are explained in terms of the molecular bonding and adsorption characteristics on these two
different surfaces. The importance of CO dissociation kinetics in the overall CO oxidation activity

of Rh/Al,O4 catalysts is further discussed in view of the reaction lightoff behavior.
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INTRODUCTION

The important role of Rh in the three-way
control (i.e., simultaneous control of CO,
NO, and hydrocarbons) of automobile ex-
haust emissions is rather well documented
(I, 2). The unique properties of Rh include
its excellent activity for NO reduction as
well as its superior performance for low-
temperature oxidation of CO compared
with Pt and Pd. However, the use of Rh in
three-way catalytic converters presents a
serious supply problem; that is, the Rh us-
age level in commercial three-way catalysts
exceeds the naturally occurring mine ratio
of the noble metals. In recent years a great
deal of effort has been directed toward the
reduction or replacement of the Rh require-
ment in automobile catalytic converters
without sacrificing converter performance
for the reduction of NO as well as for the
oxidation of CO and hydrocarbons.

As to NO decomposition activity of no-
ble metal catalysts, we have shown in a re-
cent laboratory study (3) that supported Pt
has catalytic activity comparable to that of
supported Rh. Subsequent engine dyna-
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mometer experiments confirmed these lab-
oratory findings; Pt/AlL,O; catalysts were
found to have good activity for NO reduc-
tion when the air/fuel (A/F) ratio was cy-
cled about the stoichiometric point (4).
These observations indicate that there may
exist major differences in catalytic activity
in automobile exhaust between Pt/ALO;
and Rh/ALLQ; for CO oxidation rather than
for NO decomposition.

Even though the kinetics of CO oxidation
on Rh has received considerable attention
in recent years (e.g., (5, 6)), little is known
about why Rh is more active than Pt for
low-temperature CO oxidation. In an effort
to answer this question, we have carried
out preliminary laboratory experiments in
which we have discovered that during CO
oxidation over well-dispersed Rh/Al,O; cat-
alysts a substantial amount of CO under-
goes dissociation (or disproportionation).

Concerning the dissociation of CO on Rh
surfaces, there has been some controversy
in the literature for the past decade or so.
Sexton and Somorjai (7), Castner and So-
morjai (8), and Castner et al. (9) reported
that at elevated temperatures CO dissoci-
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ated on Rh single-crystal surfaces with ir-
regularities such as steps, kinks, and de-
fects, whereas Thiel et al. (10) and Yates et
al. (11) argued that the probability of CO
dissociation on Rh(111) was negligible at
300-870 K. Marrow and Lambert (12) ob-
served that the presence of surface oxygen
leads to the formation of a new tightly
bound form of surface CO which would
presumably facilitate CO dissociation.

N {8 A 3 Aatal
CamprH and White V), ana Gorodetskii

and Nieuwenhuys (/3) observed no appre-
ciable CO dissociation activity on polycrys-
talline Rh surfaces. All these studies were
carried out on Rh foil or Rh single-crystal
surfaces at low pressures.

For supported Rh, Yang and Garland
(14) suggested that an irregular and well-
dispersed Rh particle would favor the ad-
sorption of two CO molecules per metal
surface atom, while more regular and bulk-
like Rh would favor linear and bridged CO
adsorption. This agrees well with the fact
that the presence of dicarbonyl species has
been observed only on supported Rh sur-
faces and not on single-crystal Rh surfaces

(15-22). According to Primet (16) Rh parti-
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capa-
ble of forming Rh(CO), species, and the ap-
pearance of the dicarbonyl complex is
associated with the dissociation of CO.
Results of Yao and Rothschild (I7) indicate
that 8 A is approximately the upper limit at
which Rh(CO), species are formed, which
agrees well with the observations by Primet
(16). According to Hyde et al. (23) dicar-
bonyl species are formed on monoatomi-
cally dispersed Rh sites or edge sites in
rafts, both of which have cationic character
through interaction with the alumina sup-
port and are not active for the adsorption of
oxygen,

The predominance of the dicarbonyl spe-
cies on Rh/Al,O; following oxidation of Rh/
AlLO; was also observed previously (14, 16,
21). Under oxidizing conditions this species
gives rise to a new IR band at 2120 cm™!
which was assigned to a single adsorbed
CO and an adsorbed O atom presumably
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formed as a result of CO dissociation. Re-
cently Solymosi and Erdohelyi (24) ob-
served the dissociation of CO on highly dis-
persed Rh at temperatures above 200°C.
This has been confirmed by Zaki et al. (25)
more recently. Yates ef al. (I18) showed that
isotopic exchange between “CO(g) and
12CO(ads) occurs rapidly at low tempera-
tures (about 200 K) for Rh(CO), species.
According to the results by Vannice (26)

1 intinn tivity
supported Rh has CO dissociation activity

comparable to that of supported Ni. All
these observations indicate an appreciable
CO dissociation rate on Rh/ALO;, in accor-
dance with our preliminary results.

The controversial literature reports on
the dissociation of CO as well as the impor-
tance of CO oxidation kinetics over Rh/
Al,O3 in automobile exhaust emission con-
trol have prompted us to examine in detail
the role of CO dissociation in CO oxidation
over Rh/ALQO;. In view of the above-men-
tioned literature reports on supported Rh
and our preliminary findings, we felt there
is a strong possibility that the dissociation
of CO is an important factor in determining

the overall kinetics of CO oxidation over
In\ll_lnaﬂnﬂ Rh/AL, n.. r‘clfol\lcfe nnrlnr atman_
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spheric conditions. In this work we investi-
gated the kinetics of the dissociation and
oxidation of CO over Rh/Al,Os using an iso-
topic transient experimental technique The
iSGLOpes used in this bluuy were BCO and
180,, except for a separate experiment with
unsupported Rh powder using C*¥0. '3CO
(mass number = 29) was chosen in place of
CO (mass number = 28) to avoid possible
interference in the mass spectrometer sig-
nal with background levels of CO and N,
(mass number = 28 for both).

TRANSIENT PULSE EXPERIMENTS

v orimaomf

The Rh/AlLO; catalyst used in the experi-

ments was nrennrpd by lmnrpangtmo Al,O-
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support w1th [(n- C4H9)4N]2 [Rh(CO)Bu]z
using a nonaqueous impregnation tech-
nique (27) in order to obtain a shallow noble
metal band near the periphery of the cata-
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lyst particles. Following impregnation the
catalyst was dried overnight in air at room
temperature, heated slowly in flowing air
up to 500°C, and then calcined in air at
500°C for 4 h. The noble metal dispersion
was measured by CO chemisorption in the
flow system assuming 1:1 stoichiometry
between a surface metal atom and an ad-
sorbed CO molecule on Rh/AlL,O;. (We rec-
ognize that the measured noble metal dis-
persion may be overestimated, considering
the formation of dicarbonyl species on Rh/
ALO; as quoted earlier. However, the pos-
sible error involved has no effect on the
interpretation of our results.)

The reactor was made of a 0.32-cm-o.d.
stainless-steel tube packed with catalyst
powder in a size range of 80 to 120 mesh.
The detailed characteristics of the catalyst
and the reactor are listed in Table 1. The
reactor temperature was measured in the
middle of the bed and controlled electroni-
cally with a typical precision of =1°C. The
preheating of the feed gas was achieved in a
blank alumina section loaded upstream of
the reactor. The gas flow rate through the
reactor was measured and controlled by
electronic mass flow controllers. Transient
responses of the gas-phase concentration in
the exit stream from the reactor were moni-
tored as a function of time by a mass spec-
trometer. At a flow rate of 37 cc/min the
system response time from the reactor exit
to the mass spectrometer was approxi-
mately 4 s. The pressure was reduced from
atmospheric pressure at the reactor exit to
0.14 kPa at the sampling port of the mass
spectrometer by a capillary tube. The pres-
sure in the vacuum chamber of the mass
spectrometer was maintained at approxi-
mately 107 kPa.

Before each experimental run the reactor
was pretreated with 6 vol% H, in He flow
for 2 h at 500°C to reduce the catalyst, fol-
lowed by flushing with pure He for 5 min at
500°C. (The carrier gas He (99.999%) was
further purified by means of an Oxisorb car-
tridge.) Then, the reactor was cooled to a
desired temperature in He flow and the He
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TABLE 1

Catalysts and Reactor Characteristics

Support: AlLO,

Particle size, 80-120 mesh (125-177

pm dia.)
BET surface area, 70 m%/g
Catalyst: RW/ALO;
Rh loading, 0.09 wt%
Rh dispersion, 91%
Reactor:
0.32-cm (3 in.)-0.d. stainless-steel tubing
Bed depth, 1cm
Gas space velocity, 64,000 h-! (STP)
Temperature, 200-500°C
Pressure, 101.3 kPa (1 atm)

flow was maintained for an additional 3 h so
that the reactor bed temperature reached
thermal equilibrium.

The pulse duration was controlled by a
universal programmable timer manufac-
tured by Xanadu Controls. The transient
response data were stored in an on-line
computer and retrieved later for plotting on
an X-Y recorder.

The concentrations of *CO, C*0O, and
*Q, cylinders used in this study were 0.2,
0.2, and 0.4 vol% in He, respectively. The
superscript * on the upper left corner of the
atomic symbol denotes isotopes of carbon
and oxygen, that is, *C for 1*C and *O for
180. The purity of 13C atoms in 3CO was
99%, while the purities of 130 atoms in C'80
and 80, were 98 and 97%, respectively. A
carbonyl trap made of alumina pellets was
placed in the carbon monoxide flow line in
order to remove possible nickel and/or iron
carbonyl contamination from carbon mon-
oxide. Standard transient experiments in-
volved introducing to the reactor (*CO +
*0O,) multiple pulses of 10 s in duration each
with He flush for 110 s between successive
(*CO + *O,) pulses, as illustrated in Fig. 1.
From blank test experiments it was assured
that the alumina support and stainless-steel
reactor wall did not contribute to the disso-
ciation kinetics of CO under the conditions
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Fi1G. 1. Feedstream for multiple pulse experiments.

of this experiment. Later we also confirmed
this by using a quartz reactor.

Transient Response during Oxidation of
Catalysts

Transient activity of Rh/ALO; catalysts
for the dissociation and oxidation of CO
was examined by repeatedly introducing a
pulse of the reactant gas mixture containing
*CO and *QO, into the reactor which had
been pretreated with H,. At 200°C the reac-
tant mixture was introduced to the reactor
for 10 s and then the flow was switched to
pure He for 110 s before the introduction of
the next pulse and so on (see Fig. 1). The
reactant feedstream used here (1333 ppm
for both *CO and *0,) was of oxidizing
stoichiometry. The degree of stoichio-
metric imbalance can be expressed conve-
niently in terms of the stoichiometric num-
ber (SN) defined as

SN = 2[0,)/[CO], (1)

where SN = 1 corresponds to a stoichio-
metric feedstream. When SN is greater
(less) than 1, the composition of the reac-
tant pulse is net-oxidizing (net-reducing).
Taking into account the dissociation of
CO there are two distinct pathways to form
CO:; from CO depending on the source of
oxygen. One is direct oxidation of CO in-
volving oxygen from the gas-phase O,, and
the other is dissociative oxidation of CO
involving oxygen derived from the dissoci-
ated CO. (For the purpose of our discus-
sions, we use the term CO dissociation in-
stead of CO disproportionation because the
latter can be treated, at least phenomeno-
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Fi1Gs. 2a AND 2b. Transient response during oxida-
tion of catalysts (a, pulse No. 1; b, pulse No. 2); T =
200°C; (—) *CO, (---) *0,.

logically, as a special case of dissociation as
will be discussed later.) Direct evidence for
the dissociative oxidation of CO can be ob-
tained from transient response data during
the first 10 pulses shown in Figs. 2a through
2j. To our surprise the first three pulses
(Figs. 2a through 2c) lead to only *CO
peaks with no trace of carbon dioxide pro-
duction or *O, evolution in the effluent gas
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FiGs. 2c AND 2d. Transient response during oxida-
tion of catalysts (c, pulse No. 3; d, pulse No. 4); T =
200°C; (—) *CO, (---) *Oy, (---) *CO,, (-¢-) *CO*0,
(-09-) *C*Q,.
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FiGs. 2e AND 2f. Transient response during oxida-
tion of catalysts (e, pulse No. 5; f, pulse No. 6); T =
200°C; (—) *CO, (---) *Oy, (---) *CO,, (-8-) *CO*O,
(-0} *C*O,.

stream. (Note that *O, was introduced in
excess of the stoichiometric amount in the
sample pulse.) The absence of *O, in the
gas phase and the lack of oxidation activity
are due to the adsorption of *O, on the
blank alumina particles in the preheating
section and alumina support in the reactor
section. This oxygen storage capability of
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FiGs. 2g AND 2h. Transient response during oxida-
tion of catalysts (g, pulse No. 7; h, pulse No. 8); T =
200°C; (—) *CO, (---) *Oy, (=--} *CO,, (-8-} *CO*O,
(-e8-) *C*0,.

Fi1Gs. 2i AND 2j. Transient response during oxidation
of catalysts (i, pulse No. 9; j, pulse No. 10); T = 200°C;
(—) *CO, (---) *Oy, (~--) *CO,, (-8-) *CO*O, (-00-)
*C*O,.

alumina support will be further discussed
later. The absence of carbon dioxide forma-
tion during the first three pulses also as-
sures that there was no residual oxygen left
on the catalyst after the H, pretreatment.

A fourth pulse (Fig. 2d) gave the first sign
of *CO oxidation together with uncon-
verted *CO. The separation of *CO from
carbon dioxides is due to the chromato-
graphic effect. Surprising in Fig. 2d is that
the carbon dioxide produced is an isotopic
mixture of *CO*0, *CO,, and *C*O, in-
stead of only *CO*O expected from the di-
rect oxidation of *CO by *O,.

Certainly there is a possibility that
*CO*O produced from the (*CO + *0O,) re-
action can exchange oxygen with alumina
surface to yield both *CO, and *C*O, (28—
30). However, in a separate experiment we
found that the rate of oxygen exchange be-
tween carbon dioxide and alumina surface
is not fast enough to explain our observa-
tions under the conditions of very high
space velocity employed in this study (see
Table 1). The rate of oxygen exchange be-
tween carbon monoxide and alumina sur-
face was negligible under our experimental
conditions in accordance with previous
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findings (30). More detailed discussion on
the oxygen exchange experiment will be
presented later. Also, the direct exchange
of oxygen between two carbon dioxide mol-
ecules according to

2*CO*0 & *CO; + *C*O, 2

cannot explain our observations; according
to the exchange reaction, Eq. (2), the ratio
of *CO, to *C*O, must be always 1:1, in
contrast to the product distribution ob-
served in Fig. 2d. Thus, we attribute the
observations shown in Fig. 2d mainly to the
dissociation of *CO on Rh.

In Fig. 2d, the active reaction zone in
which carbon dioxide is produced corre-
sponds to the downstream-half of the pulse,
indicating that the reactor is not yet fully
activated. Upon introducing a fifth pulse
(Fig. 2e) we see that reaction front moves
toward the front end of the pulse indicating
that a larger fraction of the reactor has been
activated. The relative intensity of O*-con-
taining products (i.e., *CO*0O and *C*O,)
increases compared with that of O-contain-
ing products (i.e., *CO,). After a sixth
pulse is introduced (Fig. 2f) the reaction
front sweeps through the reactor and the
entire reactor becomes active for *CO oxi-
dation. Comparison of the *CO, peak with
the *C*0O, peak indicates that the upstream
portion of the pulse is more active for *CO,
production than the downstream portion of
the pulse, while this trend reverses for
*C*Q, production. Note, however, that the
total amount of *CO, and *C*Q, stays
about the same over the entire pulse. The
direct oxidation rate is now almost constant
over the entire pulse.

In the downstream-half of the seventh
pulse (Fig. 2g), the rates of both *CO, and
*C*0O, production remain constant, while in
the upstream-half of the pulse the rate of
*CO, production is greater than that of
*C*0, production. Overall, the region fa-
vorable for *CQO, production is getting
smaller, while that for *C*O, production is
getting bigger as the number of pulses in-
creases as shown in Figs. 2a through 2j.
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After a ninth pulse (Fig. 2i) the *O, signal
starts to appear and moves downstream
along the reactor as shown in Fig. 2j.

In summary, Figs. 2a through 2j clearly
demonstrate that CO dissociation occurs
readily on Rh/ALO; catalysts at 200°C un-
der oxidizing conditions. This agrees very
well with the previous findings by Yang and
Garland (14), Primet (I16), and Solymosi
and Erdohelyi (24). In a separate experi-
ment where the pulse contained only *CO,
we observed no indication of *CO dissocia-
tion. The reasons why the presence of oxy-
gen may enhance the CO dissociation activ-
ity of Rh/Al,O; will be discussed later.

Transient Response during Reduction of
Catalysts

The reproducibility of the results pre-
sented in Figs. 2a through 2j and the tran-
sient catalytic activity during a reduction
period were examined by carrying out the
same CO oxidation experiments as those
described above up to 30 pulses and then
shutting off the *O, flow to that sample
pulse. Results (maximum mass spectrome-
ter signal for each pulse) obtained under ox-
idizing conditions are shown on the left side
of Fig. 3, and fairly well reproduced the
trends shown in Figs. 2a through 2j. When
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0 10 20 30 O 5
No. of Pulses

F1G. 3. Transient response during oxidation of cata-
lysts followed by reduction of the catalysts, T =
200°C; (@) *CO, (A) *CO,, (O) *CO*0; (O) *C*O,.
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FiG. 4. Effect of catalyst temperature on the tran-
sient response; T = 300°C; (@) *CO, (A) *CO,, (O)
*CO*0, (O) *C*0,.

the catalytic activity was well stabilized un-
der the oxidizing condition after 30 pulses,
the *O, flow was shut off while keeping the
*CO flow constant. On the right side of Fig.
3 is presented the transient response of the
catalytic activity during this reduction pe-
riod. The concentration levels of *CO,,
*CO*0, and *C*0, all drop to zero within a
couple of *CO pulses, while the *CO con-
centration level jumps up as can be ex-
pected. Obviously this indicates that there
is no dissociative oxidation of *CO in the
absence of oxygen.

It is interesting to note that the rates of
*CO, and *C*O, production fluctuate be-
fore final stabilization, as shown in loop A
in Fig. 3. This seemingly self-adjusting fluc-
tuation between *CQ, and *C*O, produc-
tion rates becomes more apparent at higher
temperatures as will be presented later.

Effects of Catalyst Temperature

Recall that all the transient response data
discussed above were obtained at 200°C.
The results of the same transient response
experiments conducted at higher tempera-
tures (300 and 400°C) are presented in Figs.
4 and 5. Comparing Figs. 3, 4, and 5 leads
to the interesting observation that the
higher the catalyst temperature becomes,
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the larger is the number of pulses required
for the CO oxidation reaction to initiate.
This observation seems reasonable in view
of the two facts: first, CO oxidation does
not initiate until oxygen saturates the sup-
port. Second, the alumina support has its
own oxygen storage capability which in-
creases with temperature (3). That is, at
higher temperatures more oxygen is re-
quired to oxidize the support due to the
larger oxygen storage capacity of alumina.

The overall transient behavior of the cat-
alyst at 300°C (Fig. 4) is similar to that at
200°C (Fig. 3), except that the CO oxidation
becomes rapid only after a larger number of
pulses. It is important to emphasize that the
reaction lightoff starts with the production
of *CO, from the dissociative oxidation of
*CO. Also noteworthy is a big rate-fluctua-
tion loop denoted by B in Fig. 4 (cf. Fig. 3).

At 400°C (Fig. 5) the transient behavior is
again similar to that at 200 and 300°C. How-
ever, instead of the sudden reaction lightoff
displayed in Figs. 3 and 4, we observe more
gradual carbon dioxide production in Fig.
5. It is interesting to note that after 100
pulses the production rates of *CO, and
*C*0, exhibit multiple fluctuating loops (C
and D in Fig. 5), whereas the production
rate of *CO*O via direct oxidation has
reached more or less a steady level. This

15
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Fi1G. 5. Effect of catalyst temperature on the tran-
sient response; T = 400°C; (@) *CO, (A) *CO,, (O)
*CO*0, (O) *C*0,, (0) *0,.
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F1G. 6. Effect of chemical composition on the tran-
sient response; T = 300°C; SN = 1; (@) *CO, (4)
*CO,, (O) *CO*0, (O) *C*0,.

rate fluctuation eventually disappeared at
steady state with approximately the same
production rate for *CO, and *C*0O,. We do
not have a clear explanation for the rate
fluctuation but speculate that it may be re-
lated to the accumulation of carbon on the
catalyst during CO dissociation (see the dis-
cussions on the kinetic model to be pro-
posed later). A small amount of *O, was
detected as shown in Fig. 5, but *OO and
O, signal was negligibly small.

Effect of Feedstream Stoichiometry

The effect of the stoichiometry of the re-
actant mixture on the transient catalytic ac-
tivity was examined at 300°C. When the
stoichiometric number defined in Eq. (1) is
changed from 2 to 1 by reducing *O, con-
centration in the reactant pulse, the overall
transient behavior shown in Fig. 6 is very
similar to that in Fig. 4 except for the differ-
ence in scale for the number of pulses. We
note that the number of pulses required for
the onset of the CO oxidation in Fig. 6 is
considerably larger than that in Fig. 4,
which is reasonable in view of the less oxi-
dizing reactant pulses employed in Fig. 6.

Once again we observe in Fig. 6 that the
reaction lightoff is led by the formation of
*CO, which is believed to be the product of
dissociative oxidation.
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We have observed that when a mixture of
*CO and *O, is fed to the reactor, *CO oxi-
dation does not occur until a certain num-
ber of pulses are introduced. On the other
hand, CO has been shown to be the pre-
dominant surface species on Rh when a
stoichiometric mixture of CO and O, is in-
troduced (6, 31). These two observations
lead us to believe that *CO adsorbs on Rh
while *O, adsorbs primarily on Al,O; dur-
ing the transient period. When the alumina
support is nearly saturated with *O,, *CO,
formation via dissociative oxidation of *CO
occurs at the peripheral edge of the Rh par-
ticles where the dissociation of *CO is ex-
pected to proceed from dicarbonyl species
(14, 16). As soon as the reaction lights off
with the dissociative oxidation of *CO, the
Rh surface starts to create vacancies which
are available for the adsorption of gas-
phase *O,. Then follows the traditional di-
rect oxidation of *CO on the Rh surface to
produce *CO*O. This mechanistic hypoth-
esis is in agreement with all the observa-
tions we have made so far, and suggests the
importance of surface oxygen on the alu-
mina support in initiating the CO oxidation
reaction on well-dispersed Rh/Al,O; cata-
lysts.

Effect of Initial Condition of Catalysts

So far we have seen that the Rh/ALO;
catalysts remain inactive for CO oxidation
until they are exposed to an oxygen-con-
taining stream. In order to see the effect of
the initial condition of the catalysts, we pre-
treated the catalysts with 6% H, in He for 2
h at 500°C followed by *O, treatment for
another 2 h at 500°C. Then the catalyst tem-
perature was decreased to 300°C while the
reactor was flushed with He. After a ther-
mal equilibrium of the reactor was estab-
lished at 300°C, the standard pulse experi-
ment was resumed using (*CO + *QO,)
pulses.

The results of such experiments (see Fig.
7a) point out three important observations.
First, the CO oxidation reaction lights off
immediately after the introduction of the
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F1G. 7. (a) Effect of initial condition of catalysts on
the transient response; T = 300°C; (A) *CO,, (O)
*CO*0, (O) *C*0,. (b) Effect of oxygen exchange be-
tween carbon dioxide and alumina surface; 7 = 300°C;
(O) *C*Q, from both oxygen exchange and *CO disso-
ciation; (@) *C*0, from *CO dissociation.

first pulse. This is quite different from the
transient behavior of the reduced catalyst
which exhibited a considerable induction
period (see Fig. 4). Second, comparing Fig.
7a with Fig. 4 we note that the initial condi-
tion of the catalyst does not affect the
steady-state behavior. The difference is ob-
served only during the transient period.
This indicates that the catalyst has a unique
steady state. Third, the product distribution
during the transient period is different from
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that of the reduced catalyst. In the case of
the reduced catalyst the reaction was led by
the formation of *CO; (see Fig. 4), while for
the oxidized catalyst, *C*O, leads off the
reaction with *CO; trailing behind. This in-
teresting difference in product distribution
during the early transient period can be ex-
plained by the oxygen exchange between
carbon dioxide and alumina surface, as is
discussed in the next section.

Rate of Oxygen Exchange between
Carbon Dioxide and Alumina Surface

We examined the rate of oxygen ex-
change between carbon dioxide and alu-
mina surface using a blank alumina column
made of a 0.32-cm-o0.d. stainless-steel tube.
The column with the alumina bed depth of 1
cm was pretreated with 6 vol% H, in He for
2 h at 500°C, followed by *O, treatment for
another 2 h at 500°C to saturate the alumina
surface with *O. Then the column tempera-
ture was lowered to 300°C while the column
was flushed with He. When the column
temperature was equilibrated at 300°C, the
standard pulse experiment was carried out
using (CO, + *0,) pulses instead of (*CO +
*0,) pulses. The exchange rate of O in CO,
with *O on the alumina surface to form
CO*0 was fast initially; approximately 25%
of initial CO, was converted to CO*O with
negligible formation of C*O,. However, the
rate of CO*O formation decreased steadily
to a negligible level within a few cycles.

This indicates that the transient over-
shoot in *C*O, concentration during the
first few cycles of the cycling operation in
Fig. 7a includes, in addition to the effect of
*CO dissociation, the effect of oxygen ex-
change between *CO*O [produced from
the (*CO + *O,) reaction] and the alumina
surface. When this oxygen exchange effect
is appropriately accounted for in Fig. 7a,
we can determine the *C*O, formation via
*CO dissociation as shown in Fig. 7b. The
dots in Fig. 7b represent the *C*O, forma-
tion via *CO dissociation, while the differ-
ences between the circles and the dots dur-
ing the first few cycles represent the *C*0O,
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FiG. 8. Product distribution from (CO* + O,) reac-
tion over unsupported Rh powder; T = 300°C; (--)
CO*0, (—) CO,, (-e9-) C*0,.

formation via oxygen exchange between
*CO*0O and *O on the alumina surface.
Thus, Fig. 7b indicates that the effect of
oxygen exchange between carbon dioxide
and alumina surface is important during the
initial transient period, but becomes insig-
nificant under the stabilized condition.

Dissociation of CO over Unsupported Rh
Powder

In another separate experiment we con-
firmed significant CO dissociation activity
during CO oxidation over Rh catalysts. To
eliminate the oxygen exchange reaction due
to the alumina support, we used a reactor
packed with 23 mg of unsupported Rh pow-
der in the size range 5 to 10 um. The pre-
treatment and the cycling experimental pro-
cedures were the same as those used for
Fig. 4, except that (C*O + O,) pulses were
used in place of (*CO + *Q,) pulses. The
product distribution under the stabilized cy-
cling condition is shown in Fig. 8, which
clearly demonstrates that C*O dissociation
indeed occurs on Rh without alumina sup-
port. This is in agreement with a recent
study by Kellogg (32) and confirms the im-
portant role of CO dissociation during CO
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oxidation on Rh catalysts. Noting that the
CO dissociation rate on Rh powder is
slower than that on Rh/Al,O; (compare Fig.
8 with Fig. 7a), we speculate that the CO
dissociation rate may depend on the Rh
particle size.

Oxygen Storage Capacity of Catalysts

The oxygen storage capacity of the cata-
lyst was measured as a function of tempera-
ture by introducing multiple *O, pulses.
The experiments were done for the com-
bined reactor assembly of the blank alu-
mina preheater and the Rh/AlL,O; catalysts,
because of the difficulties in separating the
preheater section from the reactor section
after extended periods of high-temperature
experiments. Because the oxygen storage
capacity on Rh metal of our low-loaded cat-
alyst is negligible compared with that on
alumina support (as will be shown), this
does not affect the interpretation of our
data. In this experiment 1333 ppm of *O,
was introduced to the reduced reactor as-
sembly for 10 s followed by a relaxation
period of 110 s during which He flow was
maintained through the reactor assembly.
While this procedure was repeated, the
number of *O, pulses introduced to the re-
actor was counted until half the full *O, sig-
nal was detected at the outlet of the reactor.

As shown in Fig. 9 the oxygen storage
effect is negligible at room temperature.
However, the oxygen storage capacity in-
creases with temperature, which is in
agreement with our recent observation dur-
ing NO decomposition study on Rh/Al,Os
(3) and also in agreement with the oxygen
self-diffusion experiment in alumina (33).
Above 200°C this oxygen storage effect be-
comes significant.

Our calculation estimates that a mono-
layer coverage of oxygen on Rh in this low-
loaded catalyst should occur with a single
pulse of oxygen. Thus, the oxygen stored
on the Rh metal contributes little to the
results of the oxygen storage capacity mea-
surements presented in Fig. 9.
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F1G. 9. Oxygen storage capacity of catalyst.

MODEL OF DISSOCIATION AND
OXIDATION OF CO

Kinetic Model

Results obtained so far in this study lead
us to believe that CO dissociates readily on
well-dispersed Rh/AlO; above 200°C under
oxidizing conditions. In this section, we
propose a kinetic model which rationalizes
our observations.

Traditionally, CO, production from CO
in the absence of gas-phase oxygen has
been described either by simple dissocia-
tion

CO—-C+0
CO + 0 CO; ®
or by disproportionation
2CO0— CO, + C. “

Note that Eq. (4) does not involve an ex-
plicit CO dissociation step. Under oxidizing
conditions it is hard to distinguish the
former mechanism, Eq. (3), from the latter
mechanism, Eq. (4), on the basis of the ki-
netic data obtained in the laboratory reac-
tor. In reality it is most likely that both
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mechanisms are at work simultaneously.
Therefore, we propose to combine these
two mechanisms into one as

2C0 - aCO; + 2 -~ 2a) O
+Q2-a)C. (5

Here we introduced a parameter a, which
we call a disproportionation constant. It is
easy to see

a = 0 for simple dissociation

0 <a <1 for incomplete disproportion-
ation

a =1 for complete disproportion-
ation.

The incomplete disproportionation, in
which some of the dissociated oxygen does
not react with another CO, may result ei-
ther from the desorption of oxygen or from
reduced CO mobility by the presence of
other species on the surface. It should be
noted here that the maximum utilization of
oxygen is achieved when o = 1. Whenever
o is less than unity, the utilization of oxy-
gen in the system to oxidize CO is less than
ideal. Thus the disproportionation constant
a has an important physical meaning as a
measure of the efficiency of the utilization
of oxygen derived from CO dissociation.
A comprehensive CO oxidation model
which includes both the dissociative and
the direct CO oxidation pathways is pre-
sented in Fig. 10. The rate fluctuation be-
tween *CO, and *C*O, production shown
in Figs. 3, 4, and 5 can be explained on the
basis of this kinetic model as follows. When

Oz

H

tais aCOy + (2-24) O(a) + (2«) C(a)

200::200(3)

> 2C0’0 )
0y = 2'0(;)

F1G. 10. Model for CO dissociation and oxidation on
RI/ALLQO;.
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*CO dissociation starts on Rh/AL O, *CO,,
O(a), and *C(a) form immediately. While
*CO, desorbs, O(a) and *C(a) accumulate
on the catalyst. As the surface coverage of
*C(a) increases, *CO, production de-
creases due to the increased surface cover-
age of *C(a) while *C*0, production in-
creases due to the oxidation of *C(a) by
*Q,. This leads to the decrease of the sur-
face coverage of *C(a) resulting in the de-
crease of *C*O, production while increas-
ing the *CQO; production. Thus, it appears
that the fluctuation between *CO, and
*C*0; production rates can be explained by
the dynamics of *C(a) coverage on Rh/
Al,Os during *CO dissociation.

Estimation of Dissociation Rate

Even without knowing all the detailed ki-
netic parameters involved in the model pre-
sented in Fig. 10, it is possible to estimate
the dissociation rate of CO from the steady-
state activity measurements. Through suit-
able mass balance under steady-state condi-
tions we can get

a[COy] + 2 — a)[C*0,]

Fas _
rox 2[CO*0] ©)

2 = 0)[CO;] = a[C*0,]. D

Using Eq. (7) we estimate « from Fig. 4 to
be close to unity. Then from Eq. (6) we
estimate that

@®

Fox = 2rgis
since
[CO*0] = [CO,] + [C*Oy] 9

in Fig. 4. In other words, the steady-state
dissociation rate of CO is approximately
half the direct oxidation rate of CO at
300°C.

Note also that according to Eq. (7) the
steady-state rate of *CO, production can-
not exceed that of *C*0O, production re-
gardless of the rates rqy, rgis, rx. This is
consistent with all of our observations. The
model indicates that when « is close to
unity, the O, and O*O production is negligi-
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ble. This explains why we observe *O, but
not O, or O*0 in Fig. 5.

Effect of Perturbation by NO

It is of practical interest to examine the
effect of the presence of NO on the rates of
CO oxidation and dissociation over Rh/
Al O;, for nitric oxide is another important
pollutant present in engine exhaust. In this
study we perturbed the reaction system by
introducing 225 ppm of NO in the reactant
pulse in addition to (*CO + *0O,). Results
obtained from a step-feed experiment at
300°C are shown in Fig. 11. (During the
course of this study we found out that a
continuous pulse experiment becomes
equivalent to a step-feed experiment, if the
time-on-stream is calculated on the basis of
the exposure time of the catalyst to the
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FiG. 11. Effect of perturbation by NO on the tran-
sient response; T = 300°C; [NO] = 225 ppm; (—) *CO,
(-®) Ny, (---) *Op, (—--) NO, (-O0-) *CO*0, (-O-)
*C*0y, (-A-) *CO,.
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sample. For example, 42 pulses in Fig. 4
with 10 s in pulse duration corresponds to 7
min of the time-on-stream in Fig. 11.) Com-
parison of Fig. 11 with Fig. 4 indicates that
the rate of *CO, formation via dissociative
oxidation is severely suppressed by the
presence of NO, especially during the ini-
tial transient period. At steady state the dis-
proportionation constant « in Fig. 11 is esti-
mated to be 0.85 using Eq. (7). This
compares with 1.0 obtained from Fig. 4.
The reduced value of « means that in the
presence of NO the (*CO + *0O,) system
becomes less efficient in utilizing the oxy-
gen derived from CO dissociation.

DISCUSSION

In this work we have investigated the ki-
netics of CO oxidation and dissociation
over Rh/ALLO; catalysts using a transient
experimental technique combined with iso-
topic tracing. This new experimental tech-
nique allowed us to obtain very interesting
and potentially useful information about the
detailed kinetics of CO oxidation, which
could not be detected before in the tradi-
tional experimental technique under
steady-state conditions. Surprisingly, the
rate of CO dissociation under oxidizing
conditions on well-dispersed Rh/AlLO; cat-
alysts was found to be very fast and compa-
rable to that of the direct oxidation rate.
Although the CO dissociation activity of
Rh/ALO; was previously observed, its sig-
nificance in the overall kinetics of CO oxi-
dation has largely been ignored due to its
supposedly small contribution compared
with the direct oxidation rate. However,
our data indicate that the dissociation can
play an important role in determining the
kinetics of CO oxidation over highly dis-
persed supported Rh catalysts.

Although there have been some contro-
versies involving CO dissociation over bulk
Rh surfaces for the past decade or so, there
seems no such controversy in CO dissocia-
tion over well-dispersed supported Rh such
as Rh/ALQ;. In this regard it seems appro-
priate to point out that on bulk Rh surfaces

CHO AND STOCK

CO does not adsorb in the dicarbonyl form,
while on well-dispersed Rh/AL,O; dicar-
bonyl species are predominant surface spe-
cies especially under oxidizing conditions.
This difference in adsorption behavior be-
tween bulk metallic Rh and well-dispersed
small particles of Rh appears to be a key
factor in understanding their different cata-
lytic activity toward oxidation and dissocia-
tion of CO. In the following discussions we
address in more detail these differences in
the behavior of supported and single-crys-
tal catalysts.

Why Does CO Dissociate on
Well-Dispersed Small Rh Particles,
While It Does Not on Bulk Rh
Surfaces?

There appears to be at least two reasons
why well-dispersed small Rh particles can
dissociate CO more easily than bulk Rh
can. One reason is related to the fact that
the adsorption of carbon monoxide onto a
metal atom in bulk samples would result in
a weaker metal-carbon bond and a stronger
carbon—oxygen bond than that on isolated
small particles (34). This can be attributed
to the nature of the bonding between the
surface metal atom, to which the CO is ad-
sorbed, and its nearest neighboring atoms
in the bulk sample; that is, 7-bonding in-
volving partly filled metal d-orbitals will oc-
cur between the metal atom in question and
its nearest neighboring atoms. The carbon
monoxide ligands thus will be in competi-
tion for the d-electrons of the central metal
atom to form its own m-bond. Thus, small
supported Rh particles, which do not have
to engage in 7-bonding with the neighboring
metal atoms, permit stronger 7-bonding be-
tween the metal atom and carbon monox-
ide. As the w-character of the metal—carbon
bond increases, the bond order of the car-
bon—-oxygen bond decreases, as evidenced
by the accompanying decrease in the car-
bon-oxygen stretching frequency during IR
spectroscopy (34, 35). Consequently, the
adsorption of CO onto supported Rh atoms
is characterized by a weaker carbon—oxy-
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gen bond, facilitating the dissociation of
CO.

The other reason is associated with the
fact that small Rh particles in supported
catalysts can adsorb dicarbonyl species
while the bulk Rh surface cannot. (This
may very well be related to the above -
bonding character of the bulk surface, too.)
These dicarbonyl species are known to ad-
sorb at a tilted angle of 45° from the surface
normal (18). This tilted angle (as opposed to
the surface normal position) presumably
facilitates the interaction between neigh-
boring CO molecules adsorbed on the
neighboring Rh metals. This increased
interaction between adsorbed CO mole-
cules should result in faster disproportion-
ation reaction. In fact, this kind of tilted
CO on Fe and Mo surfaces has recently
been identified as a precursor for CO disso-
ciation (36, 37).

Why Does CO Dissociate More Easily
under Oxidizing Conditions Than under
Reducing Conditions on Small Rh
Particles?

Among the three modes of CO adsorp-
tion—linear, bridged, dicarbonyl—on Rh/
Al O3, the predominance of dicarbonyl spe-
cies on well-dispersed Rh particles in the
presence of oxygen is now quite estab-
lished. The inhibiting effects of oxygen on
the linear and bridged modes of CO adsorp-
tion on Rh metal have been previously ob-
served in the IR spectra of CO adsorbed on
Rh/ALO; (14-16, 20, 23). Neither linear nor
bridged CO existed on the surface of Rh/
Al,O; which was pretreated with oxygen at
500°C, and both linear and bridged CO pre-
adsorbed on Rh/Al,O; were displaced by
the subsequent chemisorption of oxygen
(23). According to Primet (16) pairs of CO
molecules in the dicarbonyl mode ligand to
Rh atoms in the 1+ oxidation state. Van’t
Blik et al. (38), and Solymosi and Pasztor
(39) suggested that the Rh atoms in the 1+
oxidation state were produced by the oxi-
dation of Rh, by the —-OH groups of the alu-
mina support. In their EXAFS study Van’t
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Blik et al. (38) observed that small Rh crys-
tallites initially present in Rh/AL,O; cata-
lysts broke up into isolated Rh atoms upon
CO admission, forming Rh(CO), species.
This was confirmed by Solymosi and Pasz-
tor (39) in their IR study. This dicarbonyl
species was more pronounced for catalysts
with a low Rh loading (14, 16, 21, 38). On
the basis of the above observations we be-
lieve that the strong CO dissociation activ-
ity of Ri/ALQ; catalysts is associated with
the adsorption characteristics of well-dis-
persed small Rh particles which tend to fa-
vor the formation of dicarbonyl species.

The strong CO dissociation activity of
Rh/AlL,O; catalysts observed in this work
may seem quite surprising to most tradi-
tional kineticists. However, our observa-
tions both on Rh/Al,O; and on unsupported
Rh powder are in reasonable agreement
with other literature reports as discussed
above. This dissociation activity appears to
play an important role in the overall oxida-
tion kinetics of CO. Thus, we believe a bet-
ter understanding of the CO dissociation
activity should provide guidance in the de-
sign of Rh catalysts with improved warmup
performance.

Further implication of this work can be
related to the fact that adsorbed sulfur has
been known as a poison for CO oxidation.
In this regard it should be noted that the
adsorbed sulfur reduces the do—p#* bond-
ing when CO is adsorbed and thus reduces
the dissociation activity of the adsorbed CO
(40). This suggests that the poisoning effect
of sulfur in CO oxidation may be partly due
to the suppressed dissociation activity of
CO just as the inhibition effect of NO on
CO oxidation is due to the suppression of
dissociative oxidation of CO as we ob-
served in this work. These questions
clearly warrant further study.

SUMMARY AND CONCLUSIONS

The activity of Rh/ALO; catalysts for CO
oxidation was investigated by transient iso-
topic pulse experiments using a packed-
bed reactor. This transient experimental
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scheme revealed very interesting transient
CO oxidation kinetics over Rh/Al,O; cata-
lysts. Results indicate that the oxidation of
CO proceeds via dissociative oxidation by
its own oxygen as well as via direct oxida-
tion by gas-phase oxygen on well-dispersed
Rh/AL,O4 catalysts. Differences in CO dis-
sociation activity between single-crystal Rh
surfaces and well-dispersed supported Rh
particles can be explained in terms of the
molecular bonding and adsorption charac-
teristics on these two different surfaces.
The importance of CO dissociation kinetics
in the overall CO oxidation activity of Rh/
Al,O; catalysts was discussed in view of the
reaction lightoff behavior. Major findings of
this study are summarized below.

1. On well-dispersed Rh/Al,O; catalysts a
significant amount of CO dissociates under
oxidizing conditions. In the absence of oxy-
gen, on the other hand, CO dissociation ac-
tivity is not significant.

2. The rate of CO dissociation is on the
same order of magnitude as the rate of CO
oxidation over Rh/AL,O;; under steady-
state conditions at 300°C, the rate of CO
dissociation is approximately half that of di-
rect oxidation.

3. Results suggest that the superior CO
oxidation performance of Rh/ALQO; at low
temperatures may be related to the high CO
dissociation activity of Rh/ALO:;.

4. The presence of NO in the feedstream
affects the product distribution of the disso-
ciative oxidation of CO.

5. The alumina support takes up a signifi-
cant amount of oxygen during CO oxida-
tion. The total amount of oxygen that can
be stored on alumina increases with tem-
perature in the temperature range 200-
500°C.

APPENDIX: NOMENCLATURE

rgis dissociation rate of CO, mol/cm?
Rh:-s

rox direct oxidation rate of CO, mol/cm?
Rh s '

ri.  direct oxidation rate of C, mol/cm?
Rh-s
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SN stoichiometric number defined in Eq.

)

Greek Letter

a  disproportionation constant defined in
Eq. (5)

Superscript
* isotope (*C for C and *O for 20O)

Label
(a)

adsorbed state
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