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This work has investigated, using a packed-bed laboratory
reactor, the steady-state behavior of a Pt—ZSM-5 catalyst for
the NO + C,H, + O, reaction under highly oxidizing conditions,
typical of lean-burn gasoline engine exhaust. Results have re-
vealed very unusual kinetic behavior near the reaction lightoff
temperature. For the first time, we have observed sustained
kinetic oscillations, induced by the presence of NO, in the
steady-state rate of the NO + C,H, + O, reaction. The pattern
of the oscillation was found to be very sensitive to catalyst
temperature and feed composition. The steady-state rate of the
NO + C;H, + O, reaction is inhibited by NO and exhibits a
strong kinetic isotope effect; the inhibition effect of “NO is
much greater than that of “NO. Possible mechanisms of the
observed kinetic oscillations are discussed on the basis of both
the Kinetic inhibition effect of NO on the catalytic surface
and the surface phase transition of Pt induced by adsorbed
NO.

© 1995 Academic Press, Inc.

INTRODUCTION

Because of its importance in controlling exhaust emis-
sions from lean-burn gasoline and diesel-powered engines
as well as from stationary power plants fueled by natural
gas, catalytic reduction of NO by hydrocarbons in the pres-
ence of excess oxygen has been extensively investigated
recently over the world (1-26). Since the pioneering work
of Iwamoto et al. (27), Cu-ZSM-5 has been widely recog-
nized as the most promising “lean NO, catalyst,” although
Pt—ZSM-5 has recently emerged as a more efficient catalyst
than the Cu-ZSM-5 for low-temperature applications such
as diesel engine exhaust (19). For example, the
NO + CH, + O, reaction lights off at much lower temper-
atures on Pt—-ZSM-5 than on Cu-ZSM-5, but with more
N,O formation (28, 29). The hydrothermal stability of Pt—
ZSM-5 has been reported to be much better than that of
Cu-ZSM-5 (19, 28). In view of these different characteris-
tics of Pt—ZSM-5 compared with Cu-ZSM-5, it is desirable
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to gain a better understanding of the catalytic activity of
Pt—ZSM-5 for its practical application in lean NO, control.

The phenomena of autonomous kinetic oscillation in
heterogeneous catalytic reaction systems have been re-
ported in the literature for a variety of reaction system
(30-32). Among the well-known examples are oxidation
of CO, hydrogen, or hydrocarbons on noble metals (32-37)
and NO + CO reaction on noble metals (38-41). These
kinetic oscillations have often been used as a tool to eluci-
date a detailed kinetic mechanism of the reactions (e.g.,
30, 42, 43). A common feature of these reaction systems
exhibiting self-sustained spontaneous kinetic oscillation is
that they are all oxidizing reactions. In this connection, it
is useful to recognize the unique feature of the so-called
lean-NO, reduction process in which the NO reduction
proceeds as a subreaction in an overwhelmingly oxidizing
environment due to a large excess amount of oxygen. In
the lean-NO, reduction process, which involves NO, O,
and hydrocarbons, kinetic oscillations have not been re-
ported in the literature.

In this work, we report spontaneous, sustained kinetic
oscillations observed during the NO + C,H, + O, reaction
over a Pt-ZSM-5 catalyst under steady-state feed condi-
tions in the presence of a large amount of excess oxygen.
To the best of our knowledge, this is the first instance of
such an observation in lean-NO, catalysis. Based on our
observations, we discuss the mechanism of the lean-NO,
catalysis on Pt—ZSM-5 and propose a few plausible kinetic
mechanisms that may explain this very unusual kinetic be-
havior.

EXPERIMENTAL

The ZSM-5 zeolite obtained from PQ Corp. had a high
Si/Al ratio of 40. The Pt—-ZSM-5 catalyst was made from
ion exchange of Pt on the ZSM-5 zeolite using Pt(NH;),Cl,
salt as the Pt ion precursor. The Pt loading was 5.9 wt%,
which corresponds to a Pt/Al ratio of 0.74. After drying
overnight at room temperature and then calcining in flow-
ing air for 4 h at 500°C, this Pt-ZSM-5 powder was made
into a disk by being compressed at 10 ton pressure. The
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FIG. 1.
at 400°C under the standard reaction conditions.

Pt particles on ZSM-5 measured by TEM after ex situ aging

resulting Pt-ZSM-5 disk was crushed, ground, and
screened to 80-120 mesh sizes for use in reactor experi-
ments.

The reactor was made of a 0.32-cm-o0.d. stainless-steel
tube packed with the Pt-ZSM-5 powder. Before each ex-
perimental run for activity measurement, the catalyst was
pretreated with oxygen for 2 h at 600°C. Shown in Fig. 1
are Pt particles on ZSM-5 measured by TEM after the
catalyst sample was pretreated with oxygen for 2 h at 600°C
followed by aging ex siru at 400°C for 98 h under the
standard reaction conditions (i.e., Cc,n, = 1200 ppm,
Cno = 230 ppm, and Cp, = 7% under helium). Interest-
ingly, the Pt particle size distribution exhibits a distinctly
biomodal distribution. The average size of large Pt particles
clearly shown in Fig. 1 is about 8 nm, and they must be
outside the zeolite micropores. Note that the maximum
size of the Pt particles that can be located inside the ZSM-
S pore structure is supposed to be around 1 nm, the size
of the channel intersection. The average size of the small
Pt particles shown mostly in the upper-right-hand corner
of Fig. | is about 1 nm, and apparently they are within the
micropore structure of ZSM-5.

The reactor temperature was measured at the inlet of
the catalyst bed and controlled electronically with a typical
precision of x1°C. The reactor temperatures measured at
the reactor outlet were nearly identical (within 2°C differ-
ence) with the inlet temperature under all experimental
conditions, indicating that the gas-phase temperature of

the reactor remained essentially isothermal. This appears
to be due to the large thermal capacity of the reactor
assembly, which contains an extremely small amount of
the catalyst sample, in combination with a very low level of
the reactant concentrations and a very large space velocity.
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 monitored as a function of time
by a mass spectrometer. Mass number 26 was used for a
secondary mass peak of ethylene to prevent interference
between the principal mass peak of ethylene {(mass num-
ber = 28) and that of CO (mass number = 28). Isotopic
SNO was used in place of regular *NO to distinguish CO,
(mass number = 44) from “N,O (mass number = 46) in
the mass spectrometer signal. For simplicity in notation,
NO will be used for "'NO throughout this paper unless the
full notation is required for clarity. Details of the standard
experimental conditions are listed in Table 1.

RESULTS

General Pattern of Self-Sustained Spontaneous
Oscillation of NO + C.H, + O, Reaction over
Pt-ZSM-5

Figures 2a and 2b show interesting patterns of the self-
sustained spontaneous oscillation of gas-phase concentra-
tions, measured by a mass spectrometer at the reactor
outlet during the NO + C,H, + O, reaction over Pt-ZSM-
5 under steady feed conditions. The feed concentration
ratio of NO to C;H, was 0.228, and the reactor inlet temper-
ature was kept at 200°C. During the early stage of the
reaction (Fig. 2a), the kinetic oscillation of the gas-phase
concentration occurs almost in a square-wave pattern, with

TABLE 1

Standard Experimental Conditions

Reactor
0.32-cm-o.d. stainless-steel tubing
Catalyst = Pt—-ZSM-5 powder
Si/Al ratio = 40
Pt loading = 5.9 w1%
Particle size = 80-120 mesh
Sample weight = 0.0016 g
Catalyst bed length = 0.1 cm
Gas flow rate = 50 cm*/min
Gas space velocity = 859,000 h !
Temperature = 100-500°C
Pressure = 101.3 kPa (1 atm)
Feed Concentration
C,H, = 860-1200 ppm
Og = 7%
NO = 0-300 ppm
He = balance
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FIG. 2. Typical patterns of the steady-state kinetic oscillation mea-
sured by the gas-phase concentration at the reactor exit ((a) early stage
of the reaction, (b) stabilized reaction, CN(,/C”,‘ = 0.228, Cno = 197
ppm, Ccu, = 864 ppm, Co, = 7%, T = 200°C).

the oscillation period decreasing with reaction time. The
oscillating concentration waves of NO, C,H;, and CO,
species are exactly in phase, as expected from the reaction
stoichiometry. Figure 2b shows the stabilized pattern of
the oscillation after 3 h, which is distinctly a double-
mode oscillation.

Effect of Temperature on the Pattern of Oscillation

Presented in Figs. 3a through 3c are the effects of cata-
lyst temperature on the oscillating pattern of the NO +
C,H, + O, reaction over Pt-ZSM-5, when the feed concen-
trations of NO and C,H,; were kept constant at 270 and
1030 ppm, respectively. The reaction time shown on the x
axis was measured after the oscillation was stabilized. At
197°C (Fig. 3a), the catalyst activity oscillates primarily in
a triple mode with an oscillating period of approximately
16.2 min. The oscillation amplitude of the catalytic activity
appears to be confined between the low and high activity
levels, although it varies with time within each oscillation
period. At 203°C (Fig. 3b), the oscillation pattern assumes
a primary double mode interspersed with a triple mode.
The catalytic activity is mostly in the high activity level
with periodic loss of its activity for a very short period of
time. At 210°C (Fig. 3c), the oscillation period becomes
very long (approximately 1.5 h), and no oscillation was
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FIG. 3. Effect of catalyst temperature on the oscillation pattern
(Cvo = 270 ppm. Cey, = 1030 ppm, Co, = 7%; (@) T = 197°C;
(b) T = 203°C; (c) T = 210°C).

observed above this temperature. Under the experimental
conditions considered in these experiments, the tempera-
ture range over which the oscillation occurs was found to
be between 195 and 210°C.
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FIG. 4. Effect of feed composition on the oscillation pattern (T =
200°C, Co, = 7%; (a) Ono/Ce i, = 0.261, Cno = 265 ppm, Ceu, = 1016
ppm: (b) CN(,/C(-ZH‘ = 0.192, Cno = 230 ppm, C"z”‘ = 1200 ppm).

Effect of Feed Composition on the Pattern of Oscillation

The effect of feed composition on the oscillation pat-
tern was examined by varying the feed concentrations
of both NO and C,H, while keeping all the other
experimental conditions the same. Results presented in
Figs. 4a and 4b are the stabilized oscillation patterns for
two different feed concentration ratios of NO to C,H,
at 200°C, where the reaction time was measured from
the start of the reaction. Note the dramatic changes in
the oscillation mode due to the change in feed composi-
tion; the oscillation is in a single mode when the concen-
tration ratio is 0.261 (Cno = 265 ppm, Ccy, = 1016
ppm), as shown in Fig. 4a, whereas it becomes a multiple
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FIG. 5. Bifurcation diagram for the kinetic oscillation ((a) C,H,

conversion. (b) NO conversion, T = 200°C, C(-ﬂn4 = 860 ppm, Cng =
variable). ’

mode when the ratio becomes 0.192 (Cno = 230 ppm,
Cc,n, = 1200 ppm), as shown in Fig. 4b. Also noteworthy
is the increase of the oscillation period in Fig. 4b com-
pared with that in Fig. 4a.

Bifurcation Diagram

Presented in Figs. 5a and 5b are experimental bifurcation
diagrams for the stabilized oscillation at 200°C where the
maximum and minimum conversion levels are shown for
both NO and C,H, conversions within the oscillation re-
gime, while the unique steady-state conversion levels are
shown outside the oscillation regime. The molar feed ratio
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of NO to C,H, was varied by changing the NO feed concen-
tration while keeping the C,H, feed concentration constant
at 860 ppm. It is clear in the figures that the presence of
NO inhibits the conversions of both C;H, and NO and
that the rate of the NO + C,H, + O, reaction decreases
with increasing NO concentration. In view of the small
values of the molar feed ratio of NO to C,H, covered in
Fig. 5, the C,H, conversion is considered due primarily to
the oxidation of C;H, by oxygen. The kinetic oscillation
occurs in a range of NO/C,H, molar ratios between 0 and
0.28 at 200°C, whereas unique steady-state kinetics are
observed above 0.28. The NO conversion at the bifurcation
point M in Fig. 5b is 31.1%, which corresponds to a turnover
frequency (TOF) of 5.4 X 107 s! based on the total Pt
loading. In the absence of NO (i.e., the NO/C;H,; molar
ratio of zero), there was no kinetic oscillation. This suggests
that the kinetic oscillation in the NO + C,H,; + O; system
over Pt—ZSM-5 occurs due to the presence of NO. Note
also that the regime of kinetic oscillation for C;H, conver-
sion matches that for NO.

Kinetic Isotope Effect

We examined the possibility of kinetic isotope effects
by replacing “NO with ¥NO in the "'NO + CH, + O,
reaction system while maintaining all other conditions the
same. Results are shown in Figs. 6a and 6b as a function
of temperature for both the “NO + CH, + O, and
SNO + C,H,; + O, systems. In the case of the "NO +
C,H, + O, system, the lower bifurcation point is denoted
by P and the upper one by Q for both NO and C,H,
conversion profiles. The confined area between P and Q,
bounded by the maximum and minimum conversions as
well as by the upper and lower bifurcation temperatures,
indicates the region of the kinetic oscillations. In Figs. 6a
and 6b, two interesting phenomena can be observed. One
is that the “NO + C,H,; + O, system did not yield the
kinetic oscillation, whereas kinetic oscillations were ob-
served for the "NO + C,H,; + O, system under exactly
the same experimental conditions. The other is that the
lightoff temperature for the "NO + C,H, + O, reaction
(defined as the temperature required for 50% conversion
of C,H,) is about 10°C higher than that for the “NO +
C,H, + O, reaction. Obviously, the inhibition effect of
SNO is greater than that of *NO on the rate of the
NO + CH,; + O, reaction, suggesting that the kinetic
oscillation may be closely related to the strong inhibition
effect of NO. This strong kinetic isotope effect appears
to be a unique kinetic characteristic of the nitric oxide
reduction by hydrocarbons over Pt—-ZSM-5 catalysts under
highly lean conditions. It is also noteworthy that the ampli-
tude of oscillation increases with temperature up to a criti-
cal value, above which the kinetic oscillations disappear.
This pattern of the bifurcation in temperature is quite
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FIG. 6. Kinetic isotope effects on the conversion of ethylene and
NO (Cno = 230 ppm, Ce yy, = 1200 ppm, Co, = 7%: (a) ethylene conver-
sion: (b) NO conversion; (O) "NO + C;H, + O,, (@) *"NO + C;H, + O5).

different from that observed in Figs. 5a and 5b for the
bifurcation in concentration.

DISCUSSION

To the best of our knowledge, kinetic oscillations in the
NO + GH,; + O; reaction system under highly oxidizing
conditions have not been reported in the literature. The
kinetic oscillation observed in this study is essentially a
relaxation-type oscillation which is characterized by a rapid
change in the reaction rate at the beginning of the oscilla-
tion cycle followed by a slow relaxation to the original
state (30). In the following, we will discuss the important
aspects of the NO + C,H,4 + O, reaction kinetics on Pt—
ZSM-5, culminating in the discussion of the mechanism of
the kinetic oscillation.

Inhibition Effect of NO on the Rate of NO + C;Hy +
O, Reaction

We have demonstrated experimentally that the presence
of NO inhibits the rate of C;H, oxidation by O,. Although
similar inhibition effects of NO were reported previously
for the oxidation of CO and C;H, on Pt/ALLO; (44), it is
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surprising to see in this work that such a small amount of
NO (as little as 40 ppm) can significantly inhibit the oxida-
tion rate of C,H, in the presence of such a large amount
of excess O, (as much as 7%). The mechanism of this
inhibition effect of NO can be explained as follows, by
recognizing two important facts regarding the interaction
of NO and O, with the catalytic surface. First, NO competes
effectively with O, for dissociative adsorption sites on Pt
surface (45); second, the dissociation rate of adsorbed NO
is slower than that of adsorbed oxygen on polycrystalline
Pt surfaces (46). In other words, NO is a much less efficient
oxidant than O, on Pt surfaces. Therefore, any NO ad-
sorbed at the expense of adsorbed oxygen will decrease
the rate of C,H, oxidation, either by blocking the active
sites or as a result of a limited supply of oxygen atoms
on the surface. This competitive adsorption mechanism is
consistent with the rate expression reported previously on
a propylene oxidation system (44).

The decreasing rate of C,H, oxidation with increasing
NO concentration is always accompanied by the decreasing
rate of NO reduction. This suggests that the C;H, oxidation
rate is closely related to the NO reduction rate. Based on
the competitive adsorption mechanism, this can be ex-
plained as follows. The increasing rate of C,H, oxidation
increases the rate of regeneration of vacant catalytic sites
by scavenging oxygen and C,H, from the catalytic surface,
thereby increasing the probability of NO adsorbing and
dissociating on the catalytic surface, and vice versa.

Mechanism of NO + C,H, + O, Reaction over
Pt-ZSM-5

The above discussions are consistent with a reaction
mechanism for the NO + CH, + O, reaction, in which
oxygen scavenging by C,H, proceeds in parallel with NO
dissociation on active catalytic surfaces. A similar reaction
mechanism was proposed previously for Cu-ZSM-5 (11,
47,48) and for Pt-ZSM-5 (48). Note that a reaction mecha-
nism in which the NO, intermediate (formed via NO + O,
reaction) reacts with hydrocarbons (15, 24) is not consistent
with the inhibition effect of NO observed in this study.
Based on our proposed reaction mechanism, which is a
combination of NO dissociation and hydrocarbon oxida-
tion, we speculate that any catalytic material which exhibits
good activity toward both hydrocarbon oxidation and NO
dissociation should be able to effectively reduce NO under
lean conditions. Obviously. the effectiveness of the catalyst
in terms of its selectivity toward NO reduction under highly
oxidizing conditions may vary depending upon the cata-
lyst’s unique kinetic characteristics. Our conjecture does
seem to be consistent with literature reports published
so far.

Kinetic Isotope Effect

One of the most interesting kinetic phenomena observed
in this study is a strong kinetic isotope effect which revealed

that a mere change of a reactant from *NO to “NO not
only eliminates the kinetic oscillations but also increases
the overall reaction rate under the same reaction condi-
tions. This unusually strong kinetic isotope effect may be
explained by the combination of the primary and secondary
isotope effects: the primary effect is defined here as the
isotope effect on the intrinsic rate of NO dissociation, while
the secondary effect is due to the inhibition effect exerted
by the increased surface coverage of NO resulting from
the primary isotope effect.

It has been shown that '*"NO adsorbed on Pt surfaces is
characterized by lower vibration frequencies than “NO
(49). This means that the molecular bond in "NO absorbs
less energy than that in *NO, since the amount of energy
absorbed is proportional to the vibrational frequency. This
in turn means that the thermal activation of the stretching
vibration of ’NO molecules on Pt is more difficult than that
of “NO, indicating that '"NO requires a greater activation
energy for its dissociation than *NO. In other words, the
dissociation of '"NO on Pt surfaces is more difficult than
that of "*NO. This is consistent with the earlier observation
that the "'NO + C,H, + O, reaction has a higher lightoff
temperature than the “NO + C,H, + O; reaction (Figs.
6a and 6b). It is also consistent with the results of earlier
ammonia dissociation experiments (50, 51) which have
shown that ND; dissociates slower than NH; on both Co
and Cu surfaces, in the sense that the heavier isotopic
molecule exhibits the slower dissociation rate.

For a quantitative analysis of the primary isotope effect,
we note that the vibration frequency of '*"NO adsorbed on
Pt surfaces can be calculated from the vibration frequency
of “NO by

IR

VoK
>V (1]
where v (or v") and u (or u’) are the vibrational wavenum-
ber and the reduced mass of *NO (or '’'NQ), respectively.
The dissociation rate constant of ''NO can then be calcu-
lated from that of *NO using the information on the vibra-
tional wavenumber (52) by

k' _ . hcv' . hcv
T sinh (2KT>/smh <2KT)’ [2]

where k and k' denote the dissociation rate constants of
“NO and ’NO, respectively, and the definitions of other
notations can be found in Appendix A. With the vibra-
tional wavenumber of “NO on Pt surfaces at 1780 cm™'
(49), Eq. [2] with the help of Eq. [1] yields

k'lk = 0.93, 3]
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indicating that the dissociation rate of '""NO is slower than
that of “NO by approximately 7%. Obviously, this primary
effect alone cannot adequately explain the strong isotope
effect observed in Fig. 6b.

The secondary isotope effect comes from the increased
surface coverage of NO resulting from the slow dissociation
rate of "NO (compared with that of '“NO), and it can
make a significant contribution to the decrease in the over-
all reaction rate. Recently, it has been shown that this
secondary effect is a more important factor than the pri-
mary effect in reducing the overall reaction rate and that
the combination of the primary and the secondary effects
can adequately explain the kinetic isotope effects observed
in this paper (53). Detailed analysis of the secondary effect
is beyond the scope of this paper and will be treated in a
subsequent paper.

Based on the above discussions, we conclude that "NO
exerts a greater inhibition effect than *NO on the rate of
the NO + C,H; + O, reaction and that the smaller inhibi-
tion effect of "NO may not be sufficient to reach the
threshold value needed to initiate the oscillation cycle. This
kinetic isotope effect also strongly suggests that the kinetic
oscillation is due primarily to the NO-related kinetics such
as NO dissociation.

Mechanism of Steady-State Kinetic Oscillation

In the absence of an established kinetic expression and
the associated kinetic parameter values for the lean-NO,
catalysis, any quantitative analysis of the kinetic oscilla-
tions observed in this work does not seem to be feasible
at this point. However, even though the exact mechanism
of the kinetic oscillations is not yet clearly understood, we
propose, as a first step toward better understanding of this
interesting phenomenon, two plausible mechanistic models
that may explain at least qualitatively the observed kinetic
oscillations. In one model we focus on the catalytic activity
of Pt for NO dissociation, while in another we focus on
the inhibition effect of NO, as will be described in the fol-
lowing.

1. Surface phase-transition model. 1t is well docu-
mented that Pt(100) is the most stable plane on polycrystal-
line and supported Pt particles (54, 55) and that it under-
goes phase transition from the (hex) to the (1 X 1) phase,
induced by the adsorption of NO (56-58). The (1 X 1)
phase is known to be much more active than the (hex)
phase for NO dissociation (59, 60), and hence it is more
active for the NO + CO reaction than the (hex) phase.
It now appears that the adsorbate-induced surface phase
transition between the (1 X 1) and the (hex) phases is of
great importance not only for the kinetics of NO dissocia-
tion but also for the kinetics of lean-NQ, reduction.

The surface phase-transition model can be applied to
the lean-NO, reduction system to qualitatively explain the
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FIG. 7. Schematic diagram of the kinetic oscillation process based
on the surface regeneration model.

observed kinetic oscillation as follows. Upon the transition
of the Pt surface from the (1 X 1) to the (hex) phase, the
rate of NO dissociation becomes very slow on the (hex)
phase and the surface coverage of NO (6no) starts to in-
crease, resulting in a decrease in the C;H, oxidation rate
due to the increased inhibition effect of NO on the surface.
When 6y reaches the upper critical value, the phase transi-
tion from the (hex) to the (1 X 1) phase occurs. The rate
of NO dissociation on the restored (1 X 1) phase becomes
very fast, resulting in a decrease of the NO coverage on
the surface, which in turn leads to an increase of the C,H,
oxidation rate due to the decreased NO inhibition effect.
On reaching the lower critical value of 6y, the phase
transition from the (1 X 1) to the (hex) occurs, completing
the periodic process. Note that similar phase-transition
models, used previously to explain kinetic oscillations in
both the (NO + CO) reaction (59) and the (CO + O,)
reaction system (61, 62), do not have the synergistic effect
between the phase-transition and the NO inhibition effect
as described above.

2. Surface regeneration model. The observed kinetic
oscillation can also be explained by the inhibition effect
of NO in combination with the competitive adsorption
of reactant species on the catalytic surface, as illustrated
schematically in Fig. 7. Path AB in Fig. 7 represents a high-
activity state, while path CD represents a low-activity state
of the catalyst. Paths BC and DA denote the transitions
between these two states through surface blockage and
surface regeneration, respectively. The arrows point to
the direction of time. The ratio of surface coverage,
Ono/ Oc,n,» denoted by o on the x axis, physically represents
the ratio of the reaction inhibitor (i.e., NO) to the reaction
promoter (i.e., C,H,) on the catalytic surface. Oxygen can
be treated as a neutral species, for it promotes the ethylene
oxidation but inhibits the dissociation of NO.
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At point A, the catalyst is in a state in which C,H,
oxidation occurs at a high rate. This high rate of C,H,
oxidation indicates the high rate of scavenging both oxygen
and C,H, from the catalytic surface, making more vacant
sites available for NO adsorption. As a result, NO coverage
increases relative to oxygen and ethylene coverages on
the catalytic surface. Thus, the surface coverage ratio (o)
increases along the path from A to B. At point B, the
upper threshold ratio (o) on the surface is reached and a
further increase in the ratio abruptly decreases the reaction
rate due to the overwhelming effect of the inhibition by
NO, leading the catalyst to the low-activity state.

At point C, the catalyst is in a low-activity state with a
high surface coverage ratio. Along the path from C to
D, the rate of scavenging oxygen and ethylene from the
catalytic surface is slow compared with that along the path
from A to B. As a result, the surface coverages of oxygen
and ethylene increase relative to that of NO along the path
from C to D, thereby reducing the surface coverage ratio.
Eventually, the lower threshold ratio (o)) is reached at
point D, where the transition from the low-activity to the
high-activity state occurs due to the combination of the
decreased inhibition effect of NO and the increased pro-
motional effect of ethylene. Previously, a similar model
based on the vacant site requirement for NO dissociation
has been proposed to explain the kinetic oscillation of the
(NO + CO) reaction over the Pt(100) surface (39).

It is possibie that both the surface phase-transition pro-
cess and the surface regeneration process contribute to the
kinetic oscillations observed in this study. However, we
speculate that the surface phase-transition model may not
be applicable to the very small Pt particles located inside
the zeolite micropores, considering the limited number of
surface atoms available for the phase transition.

The reason that the ordinary ""NO does not lead to the
kinetic oscillation is not clearly understood at this time,
but we propose the following explanation. As shown in
Figs. 6a and 6b, the rate of ""NO conversion is faster than
that of the isotopic '*’NO conversion at the same tempera-
ture. This can be attributed to the difference in the dissocia-
tion rate between “NQO and '"NO, as discussed earlier. In
the case of the surface regeneration model, if the dissocia-
tion rate of *NO is faster than that of *NO to the extent
that the inhibition effect of *NO is not strong enough to
reach the threshold value of o, (i.e., point B in Fig. 7), the
catalyst will stay in the high-activity state and the kinetic
oscillation cannot occur. A similar argument may also be
applicable to the surface phase-transition model. Another
possible explanation for the different behavior between
“NO and '"NO may be that the impurities contained in
each nitric oxide gas tank might be different (e.g., NO,,
N,O, etc), which might in turn give rise to different behav-
ior as was observed here. However, we are inclined to
discount this possibility because the impurity levels were

unmeasurably small (as detected by the mass spectrome-
ter) for both "“NO and '"NO gas tanks: The upper bound
of any impurity was 3 ppm under our experimental condi-
tions.

The above discussions indicate that the NO inhibition
effect is a very important factor in understanding the ki-
netic mechanism of lean NO, reduction. It needs to be
emphasized that this inhibition effect by NO is directly
related to the dissociation rate of NO itself. The faster the
dissociation rate of NO, the smaller the inhibition effect
by NO on the rate of the NO + C;H, + O, reaction. Other
factors such as pore diffusion resistance and nonuniform
temperature distribution in the catalyst particles may also
have contributed to the detailed structure of the kinetic
oscillation observed here. However, in view of the strong
kinetic isotope effect discussed earlier, these additional
factors are not expected to affect our general conclusions
because these macroscopic physical as well as spatiotempo-
ral effects are believed to be independent of the isotopic
substitution in the NO molecule. Particularly, the internal
diffusion resistance is considered to be negligible under our
experimental conditions, according to a detailed analysis
presented in Appendix B.

SUMMARY AND CONCLUSIONS

To elucidate the kinetic mechanism of NO reduction by
hydrocarbons in the presence of excess oxygen, steady-
state kinetics of a Pt—ZSM-5 catalyst was investigated for
the NO + C;H,; + O; reaction using a packed-bed labora-
tory reactor under highly oxidizing conditions. typical of
lean-burn gasoline engine exhaust. For the first time, we
observed spontaneous, sustained oscillations in the rate of
the NO + C,H, + O; reaction. Effects of feed composition
and catalyst temperature on the behavior of the kinetic
oscillations were also investigated. The reaction mecha-
nisms of NO reduction are discussed in light of the ob-
served kinetic oscillations, and two possible mechanisms
for the kinetic oscillations are proposed. The important
findings are listed below.

1. The rate of the NO + C,H,; + O, reaction over Pt—
ZSM-5is inhibited by the presence of NO. This observation
argues against one of the reaction mechanisms proposed
in the literature, in which a reaction intermediate NO-,
formed via the NO + O; reaction, subsequently oxidizes
the hydrocarbon.

2. Only in the presence of NO did spontaneous kinetic
oscillations occur in the temperature range of 195-210°C.
This suggests that the kinetic oscillation is induced by the
presence of NO.

3. Switching between "“NO and "NO in the feed stream
affects substantially the steady-state activity of the Pt-
ZSM-5 catalyst, indicating significant kinetic isotope ef-
fects.
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4. The steady-state kinetic oscillation can be qualita-
tively explained by the surface phase-transition model and/
or by the surface regeneration model.

The spontaneous kinetic oscillation in a lean-NO, cata-
lyst system described here is an interesting new phenome-
non which has not been reported in the literature. It is
hoped that our discovery of this new phenomenon will
help us to unravel the reaction mechanism of NO reduction
under lean-burn engine exhaust conditions.

APPENDIX A: NOMENCLATURE

c = speed of light, 2.9979 X 10'° cm/s
C = concentration of ethylene in the reactor, mol/cm?
Cc,n, = feed concentration of ethylene, ppm

Cno = feed concentration of NO, ppm

Co, = feed concentration of oxygen, vol%

Dy = diffusivity of ethylene in macropores, cm?/s
D, = diffusivity of ethylene in micropores, cm?/s

h = Planck constant, 6.6256 X 107 erg - s
k, k' = dissociation rate constant of "*NO and ""NO, re-
spectively, s™!

k; = reaction rate constant for ethylene conversions,
S—I

total reactor length, cm

average radius of microparticles, cm

average radius of macroparticles, cm

superficial linear gas velocity, cm/s

absolute temperature, K

fractional conversion of ethylene

axial distance along the reactor, cm

i

NN Y
I

Greek Letters

void fraction of the reactor bed

e =
n = effectiveness factor of the catalyst
fc,u, = surface coverage of ethylene
o = surface coverage of NO
K = Boltzmann constant, 1.3805 X 107'® erg/K
u, u’ = reduced mass of “NO and '"NO, respectively, g
v, v’ = vibrational wavenumber of '*NO and '*NO, re-
spectively, cm™!
a = ratio of surface coverage defined by 8no/ Ocu,
T = residence time, s
™ = time constant for internal diffusion, s

™™, T, = time constants for macropore diffusion and mi-
cropore diffusion, respectively, s
R = time constant for ethylene conversion, s

APPENDIX B: EFFECT OF INTERNAL DIFFUSION
RESISTANCE

To examine the effect of internal diffusion resistance
on the observed reaction rate, we choose C,H, as the
representative reactant because it is the slowest diffusing

species among reactants. As a criterion for the internal
diffusion resistance, we compare the time constant for in-
ternal diffusion with that for reaction.

Time Constant for the Observed Reaction of C,H,

Assuming a first-order reaction for C,H, conversion, a
steady-state mass balance for C,H, in a plug flow reactor
under isothermal conditions can be written as

dCc _
eV FZ— = T]er,

[B.1]
where C, k., and n are the C,H, concentration, the reaction
rate constant, and the effectiveness factor of the catalyst,
respectively. Integration of Eq. [B.1] yields

nk, = —%ln(l - x). [B.2]

The time constant for the observed conversion of C,H,
is then

R = 1/(nk;) = —7/In(l — x), [B.3]
where 7 is the residence time, and x is the conversion of
C,H,. Equation [B.3] indicates that 7y decreases monoton-
ically with the increasing conversion of C;H,. This means
that the minimum value of 7z can be obtained from the
maximum observed conversion of C,H,. Using the maxi-
mum C,H, conversion of 0.98 as shown in Fig. 5a, the
minimum value of g was calculated to be 4.3 X 107 s. In
other words,

TR = 4.3 X 107 s, [B.4]

Time Constant for Internal Diffusion

The catalyst particles (or macroparticles) employed in
this study are aggregates of small microparticles of ZSM-
5. The average radii of the microparticles (r) and the mac-
roparticles (R) are about 0.5 and 75 wm, respectively.
There are two kinds of pores within the macroparticle
structure: macropores between individual microparticles,
and micropores within each microparticle. Diffusion
through the macropores is primarily molecular diffusion,
since the average size of the macropores is typically in the
range of the microparticle size, which is much greater than
the mean free path. Thus, the diffusion coefficient of C;H,
through the macropores (Dy) can be estimated from the
Wilke—Lee correlation (63) to obtain

Dy = 1.2 cm?/s

at 200°C. [B.5]

Diffusion through the micropores is configurational diffu-
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sion, since the size of the micropores in ZSM-5 is about
0.55 nm, which is close to the size of C,H, molecules. In
the absence of available data, the diffusion coefficient of
C,H, through the micropores of ZSM-5 (D,) can be esti-
mated from that of C,Hy (64) to yield

D, =85 x 10° cm?/s at 200°C. [B.6]
Using these values, the time constants for macropore diffu-

sion (7v) and micropore diffusion (7,) can be calculated
to obtain

v = RY(9Dy) = 5.2 X 10765, [B.7]
7, = r2(9D,) = 3.3 X 10~ [B.8]

The overall time constant for C;H, diffusion (7p) is then

=1+ 7, =85xX10s. [B.9]

Criterion for Internal Diffusion Resistance

The effect of the internal diffusion resistance can be
evaluated by comparing the time constant for diffusion
with that for reaction. That is, the internal diffusion resis-
tance is negligible if the ratio (7p/7g) is much smaller than
unity, whereas it becomes the limiting factor of the reaction
rate if this ratio is much greater than unity. Under our
experimental conditions, Eqgs. [B.4] and [B.9] result in

TolTr = 2.0 X 1072, [B.10]

which is much smaller than unity. This indicates that the
internal diffusion resistance is negligible under our experi-
mental conditions.
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