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The reaction dynamics of N,O reduction by CO over an alumina-
supported catalyst have been examined using forced square-wave
cycling of CO and N,O concentrations. The experiments were
carried out using an isothermal recycle reactor operated at 499 K
with various values of the cycling frequency and the phase angle
between the two composition cycles. Time-average CO conversions
as high as five times the steady-state conversion were attained
during the forced feed cycling. The observed dynamic behavior of
the system has been described by a kinetic model consisting of
three elementary steps which incorporates two main features,
namely, the adsorbate-induced Pt surface-phase transformation
(1 x 1 < hex) and the self-exclusion of CO during adsorption on
the Pt surface. The model was able to describe quantitatively the
experimental results of the steady-state multiplicity behavior of
the reaction. Thus, a simple model provides a consistent ex-
planation for both the observed rate enhancement and dynamic
CO, response during input cycling and the steady-state multipli-
City.  © 1994 Academic Press, Inc.

INTRODUCTION

The reduction of nitrous oxide (N,0O) by carbon monox-
ide (CO) over noble metal catalysts is an important reac-
tion during the reduction of nitric oxide by carbon monox-
ide in automobile catalytic converters (1-3). In an earlier
study (4), the steady-state multiplicity behavior of the
N,0O + COreaction over an alumina-supported Pt catalyst
was used to discriminate among several rival mechanisms.
Four kinetic models were examined and it was found
that only a model based on CO self-exclusion from the
platinum catalyst was able to describe all of the observed
behavior. However, several dissimilar sets of values of
kinetic parameters produced similar model predictions,
which were all in excellent agreement with the experimen-
tal data. To resolve such questions concerning kinetic
models, a variety of transient response techniques have
been employed. Kobayashi (5) used step changes in the
feed concentration of CO and N,O to study the N,O +
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CO reaction over a silver catalyst. From the transient
response curves of CO, and N, it was possible to distin-
guish between the three Hougen—Watson-type kinetic
models which gave similar predictions for the steady-
state experiments.

Graham and Lynch (6) used the experimental bifurca-
tion behavior of the CO + O, reaction over a supported Pt
catalyst to discriminate among several rival mechanisms.
However, the proposed kinetic model based on a CO self-
exclusion effect could not describe the complex reaction
dynamics such as chaos and self-sustained oscillations.
In a subsequent study (7), based on a transient response
technique involving periodic cycling of the feed composi-
tion, a kinetic model was proposed that could describe
all of the observed complex behavior of the CO + 0O,
reaction including steady-state multiplicity, self-sustained
oscillations, and rate enhancement during feed composi-
tion cycling.

In an extensive review of the periodic operation of
catalytic reactors, Bailey (8) showed that the cyclic opera-
tion of catalytic reactors can lead to large improvements
in reaction rate, selectivity, or both. In addition, periodic
operation can be used to gain insight into the underlying
reaction mechanism. The technique of square-wave cy-
cling has been used to study both the oxidation of CO
over noble metal catalysts (7, 9~17) and the NO + CO
reaction (1, 3). Several of these studies (9-12) reported
significant increases in the time-average reaction rate of
the CO + O, reaction which could not be described by a
Langmuir-Hishelwood-type reaction mechanism. Lynch
(13, 14) used the forced composition cycling technique to
explain the resonant behavior of CO oxidation reaction
over a supported Pt catalyst. Other studies (16, 17) have
used the forced cycling technique combined with infrared
spectroscopy to study the underlying mechanism of CO
oxidation over supported noble metal catalysts. Cho et
al. (1) studied the reduction of NO by CO over a supported
Rh catalyst during symmetric and asymmetric feed cy-
cling experiments. They reported the formation of N,O
as an important step during the CO + NO reaction. Mur-
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aki and Fujitani (3) studied the effect of cycle period on
N,O selectivity for the NO + CO reaction over a sup-
ported Pt catalyst using cycled feeds. Graham and Lynch
(7) used the technique of variable phase cycling of the
feed composition to study the reaction dynamics of CO
oxidation over an alumina-supported Pt catalyst. They
observed that variation of the phase angle between the
oxygen and the CO feed cycies led to an increase in time-
average conversion over and above that which occurs for
the out-of-phase feed cycling. The phase angle between
the two feed cycles was thus identified as an important
parameter in maximizing the conversion. The technique
of variable phasing of inputs during forced composition
cycling was used in this study of the N,O + CO reaction.
A model combining the features of CO self-exclusion and
surface phase transformation (7, 18) is used to describe
the experimental observations during feed cycling as well
as the previously reported steady-state multiplicity behav-
1or (4).

METHODS

The experiments were carried out using a recycle reac-
tor system containing 20 g of 0.5 wt% Pt/Al,O, Engelhard
catalyst. The experimental equipment and the catalyst
have been previously described by Sadhankar et al. (4).
From an earlier investigation (7) on a batch of a similar
catalyst, the specific surface areas of the platinum catalyst
and the alumina support were estimated to be 0.47 and
104.6 m*/g, respectively, with the CO, adsorption capac-
ity of the alumina support, L, assumed to be 1.2 x 1078
mol/m?. The reactor pressure, temperature, and total feed
flow to the reactor were always maintained at 103 kPa,
499 K, and 185 ¢m*(STP)/min, respectively. The recycle
ratio under the reactor operating conditions was estimated
to be 90 from the measurement of the recycle pump flow.
Under these conditions it has been found that the mixing
in the recycle reactor closely approximates that of an
ideal CSTR (4).

The gases used in this study were purchased from Linde
and included gas mixtures of 4.99 or 10% CO in N,,
10.01% N,O in N,, and prepurified N, . The feed composi-
tions were in the ranges of 0-2.4% N,O and 0-2.4% CO,
with nitrogen for the balance of the feed.

Four-way valves, located downstream of the mass flow
controllers on the feed lines for CO and N,O, were used
to generate square-wave composition cycles as described
by Graham and Lynch (7, 15). The time-averaged feed
composition was maintained at 1.2% N,O and 1.2% CO
for all of the experiments in this study. This was achieved
by setting the desired flow rates of CO and N,O through
the mass flow controllers and sequentially switching the
downstream four-way valves between the ‘“‘vent’ posi-
tion and the ‘‘feed’’ position for each half cycle as shown
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FIG. 1. Feed cycling strategies. N,O phase leads: (a) 90°, (b) 180°,
and (c) 270°.

in Fig. 1. The square-wave cycling of the CO and N,0O
feed compositions did not affect the total feed flow rate
to the recycle reactor, which was always maintained at 185
cm? (STP)/min by regulating the flow of makeup nitrogen.
Therefore, the recycle ratio was always maintained at
approximately 90 (ideal CSTR behavior) during the feed
composition cycling.

At the start of every experiment, following purging of
the reactor with nitrogen, N,O was always introduced
into the reactor before CO was admitted, and therefore,
the N,O feed cycle has a ‘*phase lead’’ over the CO feed
cycle. The N,O phase lead is expressed in terms of degrees
considering a complete feed cycle to contain 360° as
shown in Fig. 1, where feed cycling with N,O phase leads
of 90°, 180°, and 270° are illustrated. The valve switching
sequence and the cycle times could be controlled indepen-
dently by digital signals from a microcomputer. There-
fore, it was possible to achieve any cycle time and N,0
phase lead with the experimental equipment. The fre-
quency of cycling is defined as the inverse of the cycle
period. The cycling frequencies used in this study were
in the range of 0.1 to 20 mHz.

The reactor CO, and N,0 concentrations were mea-
sured by Horiba infrared gas analyzer Models PIR-2000



280

and VIA-300, respectively. The analyzers were calibrated
at the beginning of each experiment using a gas mixture
(2.04% CO, in N, and 2% N,0 in N,) for the span calibra-
tion and N, for the zero calibration. The attainment of
cycle invariance (steady-state cycling) was determined by
monitoring the reactor CO, and N,O responses. In gen-
eral, 10 to 30 cycles were used for each experiment. A
total of 306 experiments were carried out with different
combinations of the cycling frequencies and the N,O
phase lead.

RESULTS

Experiments involving feed composition cycling were
carried out under isothermal conditions (499 K) with a
constant total flow to the reactor so that the results could
be directly compared to the results of the steady-state
experiments from the earlier study (4). The steady-state
CO conversion at 499 K is summarized in Fig. 2 as a
function of the feed composition. The arrows in Fig. 2
indicate the bifurcation from high-to-low and low-to-high
conversion steady states during the stepwise increase or
decrease of the feed CO, respectively. It can be seen from
Fig. 2 that a feed composition of 1.2% CO and 1.2% N,O
is in the unique low conversion region to the right of the
multiplicity region. The steady-state CO conversion under
these conditions was 20%.

In the first set of experiments, the CO and N,O feed
cycles were out-of-phase with each other, with N,0O phase
lead of 180°. Therefore, the feed concentration alternated
between 0% CO and 2.4% N,O for the first half-cycle to
2.4% CO and 0% N,O for the second half-cycle. The
CO, response and the time-average CO conversions were
determined for the out-of-phase cycling over a frequency
range of 0.7 to 20 mHz. In the second part of the study,
the effect of N,O phase leads of 90° and 270°, respectively,
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FIG. 2. Multiplicity behavior during the reduction of N,O by CO at
499 K. (—) model predictions, (--*) unstable steady state predicted by
the model.

SADHANKAR AND LYNCH

3 — —
a
--=-- Data
2} | — Model
Feed CO

’
N 2
pY ' b
B == 4 =
0 L LIS T S S ..., -~ CH T TSP "

0 200 400 600 800 1000 1200 1400
3 T = T -

Instantaneous Percent CO2 in the Reactor

0 1 . A i i A A

0 100 200 300 400 500 600 700
3 T

d

2 b
1_
0 " i L r =

0 100 200 300 400 500

Time, seconds

FIG.3. Dynamic CO,response during 180° out-of-phase feed compo-
sition cycling. (a) @ = 0.77 mHz, ®B) w = 3.99 mHz, (¢) v = 7.51 mHz,
(d) ® = 17.76 mHz.

on the time-average CO conversion was studied over a
frequency range of 0.1 to 20 mHz. In the third part of the
study, the experiments were carried out at a fixed cycling
frequency and the effect of N,O phase lead on the time-
average CO conversion was studied. The experiments
were repeated for five different cycling frequencies.

Out-of-Phase Cycling

The dynamic CO, response during out-of-phase cycling
is shown by the dashed lines in Fig. 3. At a low cycling
frequency of 0.77 mHz (Fig. 3a), the CO, concentration
increased slowly after the N,O was switched on. At the
beginning of the N,O half-cycle, the catalyst surface is
saturated with adsorbed CO from the previous CO half-
cycle. The gas-phase CO concentration is also very close
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FIG. 4. Comparison of model predictions to experimental data of
time-average conversion for out-of-phase cycling. N,O phase lead =
180°.

to 2.4% at the start of the N,O half-cycle. Due to the lack
of empty sites for N,O dissociation, the surface reaction
does not proceed to any appreciable extent. This observa-
tion is also consistent with the experimental finding that
a unique low conversion steady state was obtained for
high feed CO concentrations (Fig. 2). As the gas-phase
CO is depleted via transport out of the reactor, more
active sites become available on the catalyst surface for
N,O dissociative adsorption. When sufficient active sur-
face sites are available for N,O dissociation, the CO,
concentration rises rapidly and reaches a peak value. The
reactor CO, concentration then decreases as the gas-
phase CO is depleted and the adsorbed CO is removed
by reaction. The catalyst then becomes covered with ad-
sorbed oxygen by the end of the N,O half-cycle.

When CO is switched on, and N,O is switched off, the
CO, concentration increases rapidly. The CO entering the
reactor readily reacts with the adsorbed oxygen. After
the gas-phase N,O is completely depleted, the CO, con-
centration drops almost exponentially as the CO cleans
the catalyst surface of the remaining adsorbed oxygen.
The surface then becomes saturated with adsorbed CO
at the end of the CO half-cycle. Typically, two peaks in
CO, concentration, one in each half-cycle, were observed
for frequencies lower than 5 mHz. The CO, response at
the cycling frequency of 3.99 mHz is shown in Fig. 3b.
A comparison of Figs. 3a and 3b shows that the time-
average CO, concentration at a frequency of 3.99 mHz
is higher than that at a frequency of 0.77 mHz. An almost
linear relationship between the time-average CO, concen-
tration and the cycling frequency was observed for fre-
quencies lower than 4 mHz. The CO, concentration does
not fall to zero during the long cycles (Fig. 3a) because
of the CO, desorption from the alumina support.

As the frequency is increased above 5 mHz, the two
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peaks in CO, concentration per feed cycle began to merge,
resulting in a single maximum per cycle as shown in Fig.
3¢ for a cycling frequency of 7.51 mHz. The magnitude
of the CO, response to the feed cycling decreased as the
frequency was further increased until, as can be seen in
Fig. 3d, at a cycling frequency of 17.76 mHz, the time-
average CO, concentration was approximately equal to
the steady-state value.

The time-average CO conversions for the out-of-phase
cycling experiments were calculated from the CO, re-
sponse curves and are given in Fig. 4. It is seen that the
CO conversion increased almost linearly with increasing
frequency up to 4 mHz. This can be explained in a manner
similar to that which was used to explain the CO conver-
sion for the CO + O, reaction during out-of-phase cycling
by Graham and Lynch (7). At low frequencies, two peaks
of CO, concentration per cycle (Fig. 3a) were observed
and the areas under the curves for each half-cycle were
approximately equal. The CO, production in each half-
cycle can be approximately estimated by considering the
surface reaction of a monolayer of adsorbed species (CO
or oxygen) plus complete reaction of one reactor volume
of gas phase species (CO or N,0). The total CO, produc-
tion per cycle is almost constant for all of the low frequen-
cies. Because the CO feed per cycle is equal, CO conver-
sion is linearly proportional to the frequency of cycling.
Thus, the time-average CO conversion at low frequencies
can be estimated by

_ QagLy + 2VIN,Ol)
Q,[CO],

Sra 1000%. (1]

A comparison of the prediction of time-average CO
conversion from Eq. [1] with the experimental data is
presented in Fig. 5 for frequencies up to 2.5 mHz. As can
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FIG. 5. Comparison of predictions of time-average conversion from
Eq. [1] to experimental data for low-frequency out-of-phase cycling.
N,0O phase lead = 180°.
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be seen from Fig. S, the predictions match the experimen-
tal results for frequencies lower than 1.25 mHz. However,
the predicted conversion from Eq. [1] is higher than the
experimental values for frequencies above 2.5 mHz due
to the incomplete saturation of the surface at the higher
frequencies.

As can be seen from Fig. 4, the highest CO conversion
of 79.5% was obtained at a frequency of 6.7 mHz, and it
is approximately four times the steady-state conversion.
As the frequency exceeded approximately 12 mHz, the
time-average CO conversion abruptly dropped to a low
value of 28%. At high frequencies, the gas-phase CO and
N,O concentrations are always in the region of feed com-
positions which give low conversion steady states (Fig.
2). The gas-phase CO concentration does not deplete sig-
nificantly even by the end of the N,O half-cycle, and
therefore the catalyst surface is always highly covered
with adsorbed CO during high-frequency feed cycling,
which leads to a low time-average CO conversion. The
critical frequency at which a transition in the time-average
CO conversion occurs from a high value to alow value can
be estimated from the steady-state bifurcation behavior of
the reaction, as demonstrated elsewhere (7). The critical
frequency for these out-of-phase cycling experiments lies
between 11.5 and 12.2 mHz.

N,O Phase Leads of 90° and 270°

In the second part of the study, the experiments were
carried out with N,O phase leads of 90° and 270°, respec-
tively, over a cycling frequency range of 0.1 to 20 mHz.
The N,O phase lead of 270° is equivalent to a CO phase
lead of 90°. The time-average CO conversions are summa-
rized in Fig. 6. For the frequencies lower than 8 mHz,
the time-average CO conversions for feed cycling with
a 90° N,O phase lead were generally higher than those
observed for a 270° N,O phase lead.
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FIG. 6. Effect of cycling frequency on time-average CO conversion
for N,O phase leads of 90° and 270°.
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For the 90° N,O phase lead cycling, the time-average
CO conversion rose rapidly with increasing frequency up
to 0.25 mHz. At frequencies between 0.25 and 3 mHz,
the time-average CO conversion was approximately pro-
portional to the cycling frequency. The highest time-aver-
age conversion of 93% was obtained at a frequency of 4.5
mHz, although a value of approximately 90% was found
over the entire frequency range of 4 to 6.5 mHz within
the accuracy of measurement. At a critical frequency of
8 mHz, the time-average CO conversion dropped abruptly
from 88 to 25.4%.

For the feed cycling with an N,O phase lead of 270°, a
linear relationship between the cycling frequency and the
time-average CO conversion was observed over the fre-
quency range of 0.2 to 2 mHz. The highest conversion of
52% was obtained at a frequency of 3.33 mHz for the feed
cycling with 270° N,O phase lead. In the critical frequency
range, the conversion dropped from 36% at 8.33 mHz to
25% at 9.1 mHz. A comparison of Fig. 4 and Fig. 6 shows
that the highest CO conversion for an N,O phase lead of
180° lies between the highest CO conversions obtained for
90° (93%) and 270° (52%) N,O phase leads, respectively.

The CO, response curves at a frequency of 1.25 mHz
are shown by the dashed lines in Fig. 7 for feed cycling
with N,O phase leads of 90° and 270°, respectively. An
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examination of these CO, response curves in Fig. 7 pro-
vides an explanation for high CO conversions obtained
for 90° N,O phase lead cycling. A comparison of Figs. 7a
and 7b shows that both cycles can be divided into four
quadrants, each with feed containing only CO, both CO
and N,O, only N,O, and no CO or N,O (blank feed),
respectively, although the sequence of these quadrants is
different for Figs. 7a and 7b. For 90° N,O phase lead
cycling, the feed containing only N,O in the first quadrant
removes the residual adsorbed CO from the previous
blank-feed cycle, and therefore the CO, production in the
first quadrant is limited. The surface is saturated with
oxygen by the end of the first quadrant. In the second
quadrant of the cycle, the feed CO readily adsorbs on
the surface saturated with adsorbed oxygen and a high
reaction rate is obtained. Almost 50% of the total CO,
production occurs in the second quadrant of the cycle.
In the third quadrant, the feed containing only CO reacts
with the residual N,O from the previous quadrant. The
reaction rate decreases as the N,O is depleted. By the
end of the third quadrant, the surface is again saturated
with adsorbed CO. In the fourth quadrant, the CO, de-
sorbs from the alumina support. Some of the adsorbed
CO also desorbs in the fourth quadrant due to the very
low partial pressure of CO in the reactor. Therefore, the
CO, production in the first quadrant is limited due to the
residual adsorbed CO.

When the feed is cycled with an N,O phase lead of
270°, the first quadrant of the cycle has a feed containing
both CO and N,0. However, the CO, production is very
small. This is because the catalyst surface is saturated
with adsorbed CO from the previous (fourth) quadrant
with CO-only feed. Therefore, for a sufficiently long cy-
cle, the CO conversion in this quadrant will be equal to the
steady-state conversion of 20%. In the second quadrant,
when CO is switched off (feed containing only N,0), the
gas-phase N,O does not readily dissociate on the CO-
saturated catalyst surface. As the adsorbed CO gradually
reacts, sufficient active sites become available for N,O
dissociation and the reaction rate increases rapidly as
evident by a sharp CO, peak in this quadrant. The catalyst
surface is covered by adsorbed oxygen by the end of the
second quadrant. In the third quadrant, the feed does
not contain either CO or N,O, and therefore the CO,
production is mainly due to desorption from the alumina
support. In the fourth quadrant, the feed contains only
CO which reacts with the residual adsorbed oxygen from
the previous quadrant. The CO, production is limited by
the amount of residual adsorbed oxygen at the beginning
of the fourth quadrant.

The main difference between Figs. 7a and 7b is the CO,
production in the overlap quadrant of the cycle with feed
containing both CO and N,O. The catalyst surface is satu-
rated with adsorbed oxygen at the beginning of the overlap
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quadrant for an N,O phase lead of 90° and a high reaction
rate is obtained. On the other hand, the catalyst surface
is saturated with adsorbed CO at the beginning of the
overlap quadrant for an N,O phase lead of 270° and this
leads to a low reaction rate. A very similar phenomenon
was observed at other frequencies lower than 7.7 mHz.
It can therefore be generalized that, for frequencies lower
than the critical frequency, the time-average CO conver-
sion for N,O phase leads of less than 180° will be higher
than that for N,O phase leads of greater than 180°.

Variable Phasing of Inputs

In the earlier experiments, the effect of cycling fre-
quency on the time-average CO conversion was studied
for three values of N,O phase lead of 180, 90, and 270°,
respectively. To determine the effect of phase angle on
the time-average conversion, the experiments were car-
ried out by varying the N,O phase lead between 0° and
360° while holding the cycling frequency constant. The
results of the experiments carried out at five different
frequencies are summarized in Fig. 8.

At alow frequency of 2 mHz (Fig. 8a), the time-average
CO conversion increased rapidly with increasing N,O
phase lead between 10° and 40°. The highest CO conver-
sion of 93.5% was obtained at a 40° phase lead. The time-
average CO conversion then decreased with increasing
N,O phase leads between 50° and 180°. The time-average
conversion was approximately constant at 42% over the
range of phase leads between 180° and 300°. The conver-
sions in the range of phase leads of 180° and 300° can
also be estimated by Eq. [1] without significant error, as
demonstrated for the out-of-phase cycling in Fig. 5. The
time-average conversions decreased sharply as the phase
lead was increased above 310°. The experimental observa-
tions in Fig. 8a also support the earlier generalization that
relatively high time-average conversions are obtained for
N,O phase leads of less than 180°.

For feed cycling at S mHz, as shown in Fig. 8b, the
time-average CO conversion was approximately equal to
its steady-state value of 20% at small phase-leads of 10°
to 20° and then rose sharply as the phase-lead was in-
creased to 45°. A high time-average conversion between
80 and 92.5% was attained over a wide range of phase
leads of 50° to 180°. An increase in phase lead above 180°
caused the time-average conversion to drop gradually and
eventually reached its steady-state value for phase leads
of 320° to 360°. A very similar behavior was also observed
at a cycling frequency of 7.04 mHz (Fig. 8c) except that
the span of phase leads over which high conversions were
obtained was narrower than that encountered at 5 mHz.
The other significant difference between Figs. 8b and 8c is
that the size of the regions of near-steady-state conversion
increased as the frequency increased. As the frequency
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was increased further to 11.11 mHz (Fig. 8d), the rate
enhancement was obtained only for a narrow range of
phase leads (155° to 205°). For a high frequency of 15.15
mHz, the time-average conversion was approximately
equal to its steady-state value for all phase leads as shown
in Fig. 8e.

The CO, response curves for a cycling frequency of §
mHz at five different N,O phase leads are shown by
dashed lines in Fig. 9. For phase-leads of 10° and 330°,
there is a significant overlap of CO and N,0 feed cycles,
so that the gas-phase composition in the reactor is always
in the low conversion region (Fig. 2) characterized by a

SADHANKAR AND LYNCH

catalyst surface saturated with adsorbed CO. Therefore,
the low reaction rates result in relatively flat CO, curves,
as shown in Figs. 9a and 9¢. For phase-leads of 50° and
130°, sufficient time is available for reacting away most
of the adsorbed CO and the catalyst surface is saturated
by adsorbed oxygen before the CO and N,O feed cycles
overlap. Therefore, high reaction rates are obtained in
the region of CO and N,O overlap, as characterized by
the large peaks of CO, in Figs. 9b and 9¢c. A comparison
of Figs. 9¢ and 9d shows that the major CO, peak occurs
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FIG. 9. Effect of N,O phase-lead on the dynamic CO, response for
w = 5 mHz. (@) N,0O phase lead = 10°, {b) N,O phase lead = 50°, (¢)
N,O phase lead = 130°, (d) N,O phase lead = 200°, (e) N,O phase
lead = 330°.
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in the CO-N,O overlap part of the cycle for 130° phase
lead and in the N,O-only part of the cycle for 200° phase
lead. The differences between Figs. 9c and 9d are very
similar to the differences in Figs. 7a and 7b, for which an
explanation was given earlier.

From these experiments it is apparent that the maxi-
mum time-average conversion can be obtained for an ap-
propriate combination of N,O phase lead (less than 180°)
and cycling frequency. In this study the highest time-
average CO conversion of 93.5% was attained at a fre-
quency of 2 mHz with an N,O phase lead 0of 40°. In general,
a certain overlap of the CO and N,O cycles gives a time-
average conversion which is higher than the highest con-
version obtained for the out-of-phase cycling, particularly
for the intermediate frequency range of 2 to 7 mHz. These
observations are consistent with the findings of Graham
and Lynch for the CO + O, reaction (7).

Mathematical Model

A mathematical model for the reaction processes must
be able to describe the dynamic behavior of the reaction
and the rate enhancements observed in this study as well
as the steady-state multiplicity observed in the earlier
study (4). As a starting point, the steady-state model
which was earlier used to describe the multiplicity behav-
ior was recast in a dynamic form to determine if descrip-
tion of the reaction dynamics was possible.

CO Self-Exclusion Model

In the earlier study (4), the steady-state multiplicity of
the N,O + CO reaction over an alumina-supported Pt
catalyst was described by a model incorporating carbon
monoxide self-exclusion from the platinum surface. The
proposed reaction mechanism consisted of the following
three elementary steps:

CO@g) + M=2CO-M {21
N,O(g) + M— Ny + O-M (3]
CO-M + O-M— CO4(g) + 2M. (4]

It was shown that the CO self-exclusion effect could de-
scribe the experimental low-conversion steady-state re-
sults. The CO self-exclusion effect requires that an ad-
sorbed CO molecule exclude other CO molecules from
an area equivalent in size to Ngq surface Pt atoms, where
N¢o is slightly greater than unity.

The reactor used in this study can be modeled as an
isothermal CSTR due to the high recycle ratio that was
employed. As previously shown (4), the internal diffusion
and external mass transfer resistances are negligible under
the experimental conditions used in this study. Thus, mass
balances on the gas-phase and surface species produce
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the following six dimensionless ordinary differential equa-
tions, where all symbols are defined under Notation:

ax _ _ _ (1 ~ Neobeo)
= X, — Q. X — K/ X(1I — 8 — 6p) T = fe)
+ K_0co {5]
dy
‘Er_: YO—QnY_KZY(l —0(:0_00) [6]
dz
o Zy — QuZ + Kibcobo
—~ K Z(1 = &co) + K_ico, (7]
dfco _ _ (I = N¢obeo)
dr n [le(l fco — 6o) (1 = o)

— K_\0co - Ka"co@o] (8]

do Fno
=g, [——2— K Y(1 — 0cp — 8p) — K30CO60] [9]

dT FCO
déco,

T = asl KZ(L ~ £co) ~ K- séco], [10]
where

(I ~ Ncobco)
(1 ~ 6co)

—K—10C0 - K]ecoeo + K4Z(1 - fcoz) - K—4§C02]' [ll]

On=1-Fc [KIX(I — Oco — 80)

Equations [5] to [10] can be used to describe the steady-
state behavior by setting the time derivatives in the equa-
tions to zero and solving the resulting algebraic equations.
For steady-state operation, X, = 1, ¥, = 1,and O, = 1,
and in addition Z, = 0 for all conditions because CO,
was not present in the feed. The values of the kinetic
parameters K,, K_,, K, and K, must be selected so as
to describe all of the time-average CO conversions during
cycling experiments as well as the steady-state multiplic-
ity data from the earlier experimental study (4). The time-
average CO conversion is not affected by the adsorption
and desorption of CO, on the alumina support. Therefore,
in initial attempts to determine appropriate values of the
kinetic parameters, the values of the CO, adsorption and
desorption rate constants K, and K_, were set equal to
zero while time-average CO conversions were calculated.
Further simplification of the model was made by setting
Q. equal to unity because of the low values of the gas-
phase concentrations used in this study. The set of five
differential equations [5]-[9] was integrated over several
cycles, using a variable-step-size fourth-order Runge-
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Kutta-Fehelberg method to calculate the time-average
CO conversion during feed composition cycling.
Integration was always performed using the initial con-
ditions X = Y = Z = 8¢y = 65 = 0. During composition
cycling, the dimensionless feed concentrations of CO and
N,0, X, and Y;, respectively, have values of either 2 or
0, as given by the following conditions for the nth cycle:

for all values of ¢n,0

YO = 2, (n — I)TCST< (n - %) TC [12]
1

Y, =0, (n—i)TCST<nTC, [13]

for 0° = ¢y,0 < 180°

dN,0
X, =0, (n—-l)TCST<<n"1+—ﬁ)TC [14]
R _1+¢N20)
0= 4 n 360 Tc=T
1 Pno
<(n—§+—3-6—0—) C [15]
1 ®no
X0=0, n—-§+‘%-6 Tc=7<nTC, [16]
for 180° = ¢y 0 < 360°
3 ®no
X, =2, (n—l)TCST<<n—-2'+'§gZ6')TC (17]
0= \"T37 360 ) CTT
n,0
<(n—1+ 360>TC [18]
]
X, =2, (n—1+—3%)->rcsT<mC. [19]

The attainment of cycle invariance was determined ac-
cording to the procedures described by Graham and
Lynch (7). When several sequential integrations were per-
formed, i.e., w varied, ¢y o varied, etc., the initial condi-
tions for successive integrations were based on the final
state of the immediately preceding converged cycle.
The initial estimates of the kinetic parameters were
obtained from the values used to describe the steady-state
multiplicity behavior (4). It was found that the model
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predictions for time-average CO conversion for the feed
cycling were considerably lower than the experimental
data. The model predictions for time-average CO conver-
sions for feed cycling could be improved by increasing
the values of rate parameters K, and K;. However, in-
creasing the values of K, and K, necessitated the change
of other parameters in order to maintain agreement with
the steady-state data. In particular, it was necessary to
reduce the value of the CO self-exclusion factor, Ngg, in
order to be able to describe the experimental low conver-
sion steady-state data and the low-to-high conversion bi-
furcation points for high values of K, and K;. However,
the large values of K, and K also resulted in significant
model-experimental discrepancies in the values of feed
CO% at which high-to-low conversion bifurcation occurs
for steady-state experiments. While maintaining a com-
plete model-experimental agreement for the steady-state
data, it was possible to vary the values of K, and K only
marginally when attempting to improve the predictions
of the time-average CO conversions during feed cycling.
Over large regions of parameter space, the values of the
CO adsorption and desorption rate parameters, K, and
K _,, did not have any significant effect on model predic-
tions as long as the ratio of K, to K_, was maintained
constant. The main effect of lower values of K, and K _,
was a reduction in the number of integration steps needed
to solve the differential equations. Therefore, in order to
prevent the computational requirements from becoming
unmanageable, relatively low values of K, and K _, (while
holding the ratio constant) were always used. A low value
of K, implies a correspondingly low value of the CO stick-
ing probability, Scq. It is possible to increase arbitrarily
the value of S, by one or more orders of magnitude (with
a corresponding increase in k% | to keep K,/K _, constant)
without significantly affecting the predictions from the
model.

The predictions of the time-average CO conversion for
out-of-phase feed cycling from the CO self-exclusion
model are shown by the dashed line in Fig. 4, where it
can be seen that the model predictions approximately
match the experimental data at frequencies below 3 mHz
and at high frequencies above 11 mHz. The values of the
kinetic parameters are listed in Table 1. As discussed
earlier, the time-average conversion for the low frequen-
cies can be estimated reasonably accurately by Eq. [1]
and, therefore, is relatively insensitive to the reaction
mechanism model. However, the model predictions are
consistently lower than the experimental data for the in-
termediate frequency range of 3 to 11 mHz. The effect of
CO self-exclusion is illustrated by setting N equal to
unity as shown by the dotted line in Fig. 4. As can be
seen from Fig. 4, the time-average CO conversions pre-
dicted from a Langmuir-Hinshelwood-type model
(N¢o = 1) are consistently lower than those predicted by
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TABLE 1

Kinetic Parameters

CO self-exclusion Surface-phase

model transformation model
K, (499 K) 28,000 28,000
K_, (499 K, 19 CO feed) 100 15.75
K, (499 K) 18 23.6
K, (499 K, 1% CO feed) 20 20
K 6.314 x 10° 6.298 x 10
) 4.8415 x 108 4.0624 x 108
K 5.3213 x 10" 5.2355 x 10"
E_ 36.84 52.77
E, 85.77 72.77
E, 74.34 100.03
Sco 1.076 x 107¢ 1.076 x 107*
L, 2 x 107} 1.42 x 107}
Neo 1.018 1.0015

the CO self-exclusion model, particularly for frequencies
higher than 11 mHz. This observation is consistent with
the earlier study (4) where only the CO self-exclusion
effect could account for the experimentally observed CO
conversions for the unique low-conversion steady state.
Therefore, CO self-exclusion was considered as an inte-
gral part of further model development. In order to de-
scribe the high values of time-average conversion during
feed cycling experiments, as well as the steady-state mul-
tiplicity, it was necessary to use a surface-phase transfor-
mation model similar to that described by Lynch (18) and
Graham and Lynch (7).

Surface-Phase Transformation Model

It has been shown that a clean Pt(100) surface undergoes
a reconstruction from a quadratic (1 X 1) structure to
quasihexagonal order corresponding to a complicated
(5 x 20) LEED pattern (19) which appears to be the
thermodynamically favored structure (20). Numerous
studies (21-26) have shown that the reconstruction [(5 X
20) LEED pattern] exhibited by the clean Pt(100) surface
is removed by the adsorbate-induced interaction of CO,
0,, H,, or NO. Thiel et al. (27) observed that the nucle-
ation of (1 x 1) patches occurs on the reconstructed (hex)
surface of Pt(100) even at a very low CO surface coverage
and proceeds until the entire surface has been converted
to the (1 x 1) phase at 8. = 0.5. On the other hand,
during CO desorption, the hex phase does not return until
the fractional CO surface coverage is decreased below
0.3. The reconstructed surface (hex phase) is less active
than the unreconstructed (1 x 1) surface. The oxygen
sticking probability is low for the surface in the hex phase
(26), but is at least two orders of magnitude larger for the
(1 x 1) surface (28). A similar observation is reported by
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Bonzel et al. (29) for NO adsorption on Pt(100). They
observed no adsorption of NO on the reconstructed hex
surface at temperatures higher than 380 K. On the other
hand, the unreconstructed (I x 1) surfaces were able to
adsorb NO molecularly up to temperatures of 410 K.

The phenomenon of the adsorbate-induced reversible
surface-phase transition for the clean Pt(100) surface and
resulting reaction rate enhancements have been used to
describe the kinetic oscillations of the CO + O, reaction
(30) and the NO + COreaction (31, 32) under high vacuum
conditions on well-characterized catalyst surfaces. How-
ever, to describe the rate oscillations of CO oxidation on
supported Pt catalyst and Pt foils at near atmospheric
pressure, various other mechanisms have been proposed.
For example, a process of slow oxidation and reduction
of the catalyst surface (33, 34) has been used to model
the rate oscillations of CO oxidation on Pt at atmospheric
pressure. It has also been suggested (35) that the formation
of platinum oxide is catalyzed by silicon impurities on the
supported catalyst. Other studies (36, 37) proposed that
a process of slow activation/deactivation of the catalyst
surface due to diffusion of carbon to the surface may be
responsible for observed oscillations of CO oxidation on
Pt foil at atmospheric pressure. A kinetic model based on
the variation of the catalyst surface temperature (38) has
also been suggested to describe the self-sustained oscilla-
tions of CO oxidation on silica-supported Pt pellets at
atmospheric pressure. Nevertheless, the Pt(100) surface
transformation phenomenon has been successfully used
(18) to describe the self-sustained oscillations of CO oxi-
dation on alumina-supported Pt catalyst at atmospheric
pressure. A similar mechanism has also been suggested
(39) for oscillations of NO + CO reaction on polycrystal-
line Pt—-ALQO; catalyst in FTIR spectroscopic investiga-
tions. Schwartz and Schmidt (31) suggested that the ad-
sorbate-induced (1 x 1) < hex surface-phase transition
may be operative on supported Pt catalysts because in
many reactive gases all crystallographic orientations tend
to facet into predominantly (100) crystal planes. Wang et
al. (40) have shown that supported platinum crystallites
form predominantiy (100) crystal planes when grown in
hydrogen. These studies lend support to the model based
on Pt(100) surface-phase transition to describe the rate
oscillations on supported Pt catalyst. Graham and Lynch
(7) used the surface-phase transformation effect to de-
scribe the complex behavior, including steady-state multi-
plicity and reaction rate enhancement during feed cycling,
of the CO + O, reaction on an alumina-supported Pt
catalyst at atmospheric pressure. Because of the apparent
similarity of the CO + N,O and CO + O, reaction sys-
tems, the same surface-phase transformation phenome-
non has been used in this study to describe the reaction
rate enhancement for the CO + N,O reaction during
feed cycling.
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As shown by Graham and Lynch (7), the use of the
surface-phase transformation model requires that the rate
constants for oxygen adsorption and surface reaction with
CO depend on the CO surface coverage in a very nonlinear
fashion. Translating the effect to the N,O + CO reaction
results in &, and k; being given by

ky = Y,k exp(— E,/RT) [20]

where i, and s, are the enhancement factors which are
greater than unity (5 and 100, respectively) when the sur-
face is in the (1 x 1) phase (high CO coverage). For the
reconstructed (5 x 20) phase (low CO coverage), s, =
{ and ¢; = 1 always hold.

For intermediate coverage between 6-, = 0.1 and
fco = 0.95, the values of §, and y; depend on the prior
state of the surface as shown in Fig. 7 of Graham and
Lynch (7), where it was assumed that the entire surface
transforms into the (1 x 1) phase when the fractional CO
surface coverage exceeds the critical value of 0.95 with
the metal surface remaining in the (1 x 1) phase until the
fractional CO surface coverage falls below the critical
value of 0.1.

Graham and Lynch (7) used the same value of 250 for
the enhancement factors for the (1 x 1) phase for both
the surface reaction rate constant and the oxygen sticking
probability. In this study a lower value of ¥, (=5) as
compared to ys; ( = 100) was sufficient to describe the high
time-average CO conversions obtained during the feed
cycling experiments. It would therefore appear that the
rate enhancement for N,O dissociation due to hex <
(1 x 1) surface transition is much smaller than the increase
of approximately two orders of magnitude for the oxygen
sticking probability. This can be attributed to the differ-
ences in the adsorption mechanisms of O, and N,0. In a
study of comparative adsorption of O, and N,O on plati-
num-recrystallized ribbons using thermal desorption and
mass spectrometry, Alnot et al. (41) noted that oxygen
adsorption at 300 K leads to three binding states while
N,O adsorption fills only the most energetic one. The
sticking coefficient for O, dissociative adsorption at 500
K was found to be 0.16 as compared to 6.8 x 1073 for N,O
dissociative adsorption. They attributed the differences
between O, and N,O dissociative adsorption to steric fac-
tors. Daniel et al. (42) noted that for a clean Rh(100)
surface, the saturation coverage of oxygen is twice as
large for O, as N,O. McCabe and Wong (2) attributed the
lower rate of the CO + N,O reaction compared to
CO + O, and CO + NO reactions under the conditions
characterized by high CO surface coverage to the lower
rate of dissociative adsorption of N,O as compared to the

SADHANKAR AND LYNCH

rate of dissociative O, and NO adsorption on alumina-
supported Rh catalyst.

The time-average CO conversions were calculated by
integrating Eqs. [5]-[9]. In the initial attempts to deter-
mine suitable model parameters, the values of K, K _,,
K,, K5, and N¢q were chosen so that the model predic-
tions matched the experimental CO conversions both for
out-of-phase feed cycling (Fig. 4) and for the steady-state
experiments at 499 K (Fig. 2). The model parameters
were then further adjusted so as to describe not only the
experimental data for all of the forced composition cycling
experiments (Figs. 4, 6, and 8) but also the steady-state
data from the earlier study (4). All integrations were car-
ried out over several cycles until the CO conversions per
cycle based on CO, N,O, and CO, matched within 0.2%
of each other and did not change more than 0.2% for
two consecutive cycles. The percentage change in the
fractional oxygen surface coverage was used as a criterion
as given by

Oo(n'rc) - 00((” - I)Tc) =1

073,
o((n — Drc)

n=123,....
[22)

The model predictions for time-average CO conversions
for out-of-phase cycling are shown by the solid line in
Fig. 4. The initial slope of the conversion-frequency curve
is strongly dependent on the ratio of the bulk volume to
catalyst surface capacitances (a,,) as demonstrated by
Lynch (14). Therefore, the value of the catalyst adsorption
capacity, L,, was adjusted down from 2 x 1077 to
1.42 x 1073 mol/m?, to match the predictions with the
experimental data for the frequencies lower than 3 mHz.
The other kinetic parameter values are listed in Table 1.

As can be seen from Table 1, different values of the
parameters K_,, K5, K3, and N, were used for the two
models. The parameter values for the CO self-exclusion
model were selected so as to describe all of the steady-
state multiplicity data from the earlier study (4). However,
as shown in Fig. 4, this model fails to describe the high
values of time-average CO conversions obtained during
out-of-phase feed composition cycling. Any attempt to
force the model predictions to match the out-of-phase
feed cycling data led to significant model-experimental
discrepancies for the steady-state multiplicity data.

The model parameters for the surface-phase transfor-
mation model have been chosen so as to describe both
the dynamic and the steady-state experimental data. A
comparatively low value of N-o = 1.0015 was necessary
for the surface-phase transformation model because of
the high enhancement (100 times) of the surface reaction
rate for phase 2. Nevertheless the CO self-exclusion effect
was still required in the model in order to describe the
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unique low conversion steady-state data. The model pre-
dicts that above a critical frequency of 11 mHz no im-
provement in the time-average conversion can be ob-
tained. This prediction is consistent with the experimental
results which indicate a critical frequency in the range of
11.5 to 12.2 mHz. The time-average conversion pre-
dicted by the model is less than the experimental data by
approximately 5% for frequencies greater than 7 mHz.
However, the surface-phase transformation model is
clearly superior to the CO self-exclusion model for de-
scribing the rate enhancement obtained during out-of-
phase cycling in the intermediate frequency range of 2.5
to 11 mHz.

The surface-phase transformation model was also able
to describe the steady-state multiplicity behavior from the
earlier study (4) as shown in Fig. 2. The steady-state
behavior at the other temperatures of 461, 480, and 520
K could also be predicted by the model assuming that
the rate parameters follow an Arrhenius-type temperature
dependency through the use of the values of the various
activation energies given in Table 1. The activation ener-
gies used in Table 1 are within 30% of the values used to
describe the steady-state behavior in the earlier study (4),
where an extensive comparison with other experimental
studies was made.

To predict the dynamic CO, response of the model,
the effect of CO, adsorption—desorption on the alumina
support was accounted for through the use of values of
K, and K _, given under Notation. The model predictions
for the dynamic CO, response for the out-of-phase cycling
are shown by the solid lines in Fig. 3. It can be seen that
excellent model-experimental agreement is achieved with
only a slight mismatch occurring in a few locations. The
time-average conversion calculated from the model for
the out-of-phase cycling is shown by the solid curve in
Fig. 4. It is seen that the model can describe the high
time-average conversions in the intermediate-frequency
range, something that was not possible to achieve with
the other two models examined earlier.

The time-average conversions calculated from the
model for 90° and 270° phase leads are shown in Fig. 6.
The model predicts near 100% conversion for 90° phase
lead in the frequency range of 4 and 7.8 mHz, which is
approximately 10% higher than the experimental data.
Otherwise, the model describes all of the other features
of the conversion-frequency curve including the initial
slope, the high conversions at intermediate frequencies
and the critical frequencies which closely match the ex-
perimental results. Figure 7 shows a close model-experi-
mental agreement for the dynamic CO, response at a fre-
quency of 1.25 mHz.

It can be seen from Fig. 8 that the model can almost
quantitatively describe the effect of N,O phase lead on
the time-average conversion. The model predicts near
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100% time-average conversion for a range of N,O phase
leads at frequencies of 2, 5, and 7.04 mHz as shown in
Figs. 8a, 8b, and 8¢, respectively. In Fig. 8d, the model
predictions are shown for a frequency of 11 mHz and
these are qualitatively very similar to the experimental
results at 11.11-mHz frequency, although the conversion
imporovements are predicted only for a narrow range
(176° to 180°) of phase leads. The model predicts no im-
provement in CO conversions for frequencies higher than
11 mHz. Figure 9 shows that the model predictions for
the dynamic CO, response closely match the experimental
results for the five frequencies.

The model predictions of near 100% time-average con-
versions, as shown in Figs. 6 and 9, suggest that a true
global maximum in time-average conversion exists in the
range of the frequencies and the phase leads correspond-
ing to near 100% conversion predictions. The maximum
time-average conversion can be predicted by optimizing
the objective function

_ 100

Tc

(23]

fin 0’C Z(7) dr.

The constraints for the optimization are given by the ordi-
nary differential equations [S]-{10]. Zolotarskii et al. (43)
presented an analysis of a similar optimal periodic-control
problem and observed that the optimal performance is
attained when the two input cycles overlap to a certain
extent, which is consistent with this study.

CONCLUSIONS

The kinetic behavior of the N,O + CO reaction over
an alumina-supported Pt catalyst has been examined using
forced feed composition cycling experiments. The compo-
sition cycling strategies involved variation of the phase
angle between the two square-wave cycles of CO and
N,O, respectively, in a manner similar to that used by
Graham and Lynch (7} for CO + O, reaction. The time-
average CO conversions during the cycling experiments
were significantly higher than the steady-state conversion
of 20% at 499 K. The maximum time-average conversion
for the experiments with N,O phase leads of less than
180° were higher than the maximum conversion obtained
during the out-of-phase cycling. In this study, the maxi-
mum conversion of 93.5% was obtained at a cycling fre-
quency of 2 mHz at an N,O phase lead of 40°. The reaction
rate enhancements were generally observed in the inter-
mediate frequency range (o < 11 mHz), for an intermedi-
ate value of N,O phase lead. At cycling frequencies higher
than 11 mHz, as well as for phase leads closer to 0° and
360°, the time-average conversion was very close to its
steady-state value. These observations are similar to
those made for the CO + O, reaction (7).
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A Kkinetic model incorporating the two main features,
namely, the adsorbate-induced (1 x 1) <> hex surface-
phase transformation of Pt and the CO self-exclusion ef-
fect, has been proposed to describe the dynamic behavior
including the high time-average conversion and the dy-
namic CQO, response during cycling. The model is based
on a reaction mechanism consisting of three elementary
steps, namely, the reversible adsorption of CO, the irre-
versible dissociative adsorption of N,O to form adsorbed
oxygen and gaseous N,, and the reaction of adsorbed
carbon monoxide and adsorbed atomic oxygen to produce
gaseous CO,. For a particular set of values of the kinetic
parameters, the model could quantitatively describe the
dynamic behavior during feed composition cycling, as
well as the experimental steady-state multiplicity behav-
ior of the reaction at other temperatures. Thus, this rela-
tively simple model adequately describes a large amount
of steady-state and dynamic data.

APPENDIX: NOTATION

ag total surface area of supported catalyst, 9.4 m?
a, total surface area of the support, 2092 m*
[CO] reactor CO concentration, mol/m?

[CO}, time-average feed CO concentration, FoP/RT,
mol/m?

[CO,] reactor CO, concentration, mol/m’

CO-M adsorbed CO species on catalyst surface

E_, activation energy for CO desorption, kJ/mol

E, activation energy for N,O dissociation, kJ/mol

E, activation energy for surface reaction, kJ/mol

E_, activation energy for CO, desorption from the
support, 83.1 kJ/mol

Feo time-average mole fraction CO in feed

Fnyo time-average mole fraction N,O in feed

Sra time-average CO conversion, %

k, CO adsorption rate constant, 6.87S-,T%*/L,,,
m’/mol - s

k_, CO desorption rate constant, k%, exp(—E,/
RT), s7!

K, CO desorption pre-exponential factor, s~

k, N,O dissociation rate constant, y,k3 exp(— E,/
RT), m*/mol - s

K N,O dissociation pre-exponential factor, m?/
mol - s

ky surface reaction rate constant, ynkS exp(—E;/
RT), m*mol - s

9 surface reaction pre-exponential factor, m*/
mol - s

k_, CO, desorption rate constant, k°, exp(—E_,/
RT), s™!

L4 CO, desorption pre-exponential factor, 3.83 x

10° !

K,

K_

(N,O1
[N,O],
O-M
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dimensionless CO adsorption rate constant,
anLynki/Qy

dimensionless CO desorption rate constant,
am Lk /QlCOJ,

dimensionless N,O dissociation rate constant,
amLm kZ/QO

dimensionless surface reaction rate constant,
g L ky/ QoI COly

dimensionless CQO, adsorption rate constant,
5.48Sc0.a,T°°/Q,

dimensionless CO, desorption rate constant,
a,Lk i/ Qo COly

adsorption capacity of platinum surface, mol/m?

CO, adsorption capacity of the support, 1.2 x
107¢, mol/m?

number of cycles

CO self-exclusion factor

reactor N,O concentration, mol/m?

time-average feed N,O concentration, mol/m?

adsorbed oxygen species on catalyst surface

reactor pressure, 1.03 x 10° Pa

feed volumetric flow rate at the reactor op-
erating conditions, 1.11 x 107% T, m%/s

ratio of exit to feed volumetric flow rates

gas constant, 8.314 m*- Pa/mol - K

CO sticking probability on catalyst

CO, sticking probability on alumina support, 8.3
x 107

time, s

reactor temperature, 499 K

effective free volume of the reactor, 2.15 X
1074 m?

dimensionless
[COJ/I[CO],

instantaneous dimensionless feed CO concen-
tration (0 or 2 in this study)

dimensionless reactor N,O concentration,
[N,OJ/[N,O],

instantaneous dimensionless feed N,O concen-
tration (0 or 2 in this study)

dimensionless reactor CO,
[CO,)/CO],

instantaneous dimensionless feed CO, concen-
tration (0 in this study)

ratio of bulk volume to metal surface capaci-
tances, [CO}V/a, L, (0.298 in this study)

ratio of bulk volume to support surface capaci-
tances, [COJ,V/a,L (0.024 in this study)

fractional CO surface coverage on platinum
surface

fractional oxygen surface coverage of plati-
num surface

fractional CO, surface coverage on the sup-
port surface

reactor CO concentration,

concentration,
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T dimensionless time based on the reactor resi-
dence time, Qyt/V

T, dimensionless cycle period, Qy/Vw

bn.o N,O phase lead, degrees

¥, enhancement factor for N,O dissociation, 1 for
(5 x 20) phase and 5 for (1 x [) phase

Py enhancement factor for surface reaction, | for
(5 x 20) phase and 100 for (I x 1) phase

@ frequency of cycling, O,/ Vr., Hz
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