JOURNAL OF CATALYSIS 137, 158-178 (1992)

Modeling Dynamic CO Oxidation over Pt/Al,O5: Effects of Intrapellet
Diffusion and Site Heterogeneity

BERNARD N. RACINE AND RicHARD K. HERZ!

Chemical Engineering Group, Mail Code 0310, Department of Applied Mechanics and Engineering Sciences,
University of California at San Diego, La Jolla, California 92093-0310

Received November 5, 1991; revised February 24, 1992

In this paper we have simulated both steady-state and time-resolved dynamic reaction measure-
ments and directly compared them to experimental results. Effects such as internal diffusion
resistance and site heterogeneity, which are commonly observed in supported metal catalysts, are
included in the simulations presented here. Single-site Langmuir—-Hinshelwood models fail to predict
the rates of reaction measured during steady-state and dynamic operation. Both steady-state and
time-resolved dynamic reaction measurements for two types of Pt/ Al,O; catalysts can be predicted
by an elementary step model with a bimodal distribution of active sites. Diffusion resistance
produced significant gas and surface concentration gradients inside the porous catalyst and sup-
pressed the rate of CO, production during the initial period of CO-on half-cycles. To our knowledge,
this is the first work comparing steady-state and time-resolved dynamic CO oxidation measurements

to an elementary step model incorporating internal diffusion resistance.

INTRODUCTION

The CO oxidation reaction over sup-
ported noble metals often exhibits complex
behavior: multiple steady states in reaction
rate at intermediate CO pressures (/-5);
self-sustained oscillations in reaction rate
under constant feed conditions (5—-12); and
complex behavior during forced dynamic
operation (13-17).

The general features of steady-state CO
oxidation behavior over bulk, unsupported
noble metals are understood reasonably
well (3, 18). At fixed O, pressure and tem-
perature and relatively low CO pressures,
reaction rates are approximately first-order
in CO pressure, O coverages are high, and
CO coverages are low. Atrelatively high CO
pressures, reaction rates become negative-
order in CO pressure, O coverages are low,
and CO coverages are high.

In contrast to the information available
over bulk, unsupported noble metals, there
are very few, if any, published experimental
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studies showing steady-state CO oxidation
reaction rates over supported noble metals
under (a) isothermal conditions, (b) in the
absence of significant transport effects, and
(¢) covering both the positive-order-in-CO
regime and the CO-inhibition regime. Most
studies were performed either nonisother-
mally (19-21), near complete conversions
when not in the CO-inhibition regime (22,
23), and/or with significant transport resis-
tances (2, 8). Many infrared studies show
only infrared absorbance plots, not steady-
state reaction rates (4, 24). Cant et al. (25)
and Oh et al. (26) studied isothermal kinet-
ics over supported Pt-group metals in the
CO-inhibition regime only. The papers that
may come closest to presenting isothermal
intrinsic kinetics that span both the positive-
order and CO-inhibition regimes are those of
Sarkany and Gonzalez (27), who measured
rates over Pt/SiO, at 130°C and Akubuiro
et al. (28), who measured rates over Pt on
zeolite Y at 260°C.

Dynamic response experiments used in
conjunction with steady-state reaction mea-
surements provide stronger tests of kinetic
models than steady-state measurements
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alone. Dynamic operation also provides in-
formation concerning quantities of adsorbed
intermediates and rates of forward and re-
verse steps in reaction mechanisms. The
benefits of dynamic response methods were
reviewed by Bennett (29) and Kobayashi
and Kobayashi (30). Forced dynamic opera-
tion for CO oxidation over supported noble
metal catalysts has been reviewed in detail
in our previous work (37).

Conventional Langmuir-Hinshelwood
kinetic models which assume random distri-
bution of adsorbed species have been devel-
oped to simulate dynamic CO oxidation ex-
periments over supported noble metals.
Traditional textbook approaches often as-
sume a single rate-limiting step in order to
develop a simple algebraic rate expression.
However, this assumption often breaks
down during dynamic operation, where the
rate-limiting step can change as concentra-
tions change with time. A majority of the
recent models of dynamic response experi-
ments are elementary step models which do
not assume a single rate-limiting step. Good-
man et al. (32) used an elementary step ran-
dom Langmuir-Hinshelwood model to
describe CO oxidation transients over
Pt/ALO;. Kaul et al. (19, 33) used an ele-
mentary step model to describe the results
of temperature and concentration-program-
ming experiments over Pt/SiO,. Lynch (34)
also used an elementary step model to simu-
late rate enhancements for CO oxidation
during periodic operation.

Spectroscopic evidence for segregation of
adsorbed CO and O into surface patches
and islands of adsorbed CO and O has been
observed for CO oxidation under both
steady-state and dynamic reaction condi-
tions. The invariance of the linearly bonded
CO infrared adsorption peak during steady-
state reaction has been observed over both
supported (4, 35) and nonsupported Pt cata-
lysts (36). This frequency invariance has
also been observed under dynamic reaction
conditions over supported Pt catalysts (I35,
37). This spectroscopic evidence has led
various investigators to develop mathemati-
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cal models of CO oxidation that specify the
presence of adsorbate islands. A variety of
adsorbate island models were used by
Mukesh et al. (38) to model the transient
data of Goodman et al. (32), with the model
simulations being most sensitive to the pres-
ence of CO islands. Oscillatory behavior
was also simulated with the same adsorbate
island models, however, the types of oscilla-
tions were acknowledged to be different
from those observed for CO oxidation over
supported noble metal catalysts. Graham
and Lynch (39) proposed a CO island model
to predict steady-state rate multiplicity data.
Monte Carlo simulations for CO oxidation
have also predicted the formation of ad-
sorbate islands under both steady-state
(40—42) and transient conditions (43—45).

Schwartz and Schmidt (46 ) suggested that
the Pt(100) hex-(1 X 1) surface phase transi-
tion observed by Ertl and co-workers (17,
12, 47-49) may be operative on polycrystal-
line wires and foils and on supported Pt par-
ticles. Schiith and Wicke (50) inferred from
infrared measurements of the linear CO
band the presence of the Pt(100) hex-(1 x
1) reconstruction during self-sustained os-
cillations of the CO-NO reaction over sup-
ported Pt. These observations have led re-
searchers to adapt the reconstruction model
of Ertl and co-workers (17) to explain oscil-
latory behavior observed for CO oxidation
over supported metal catalysts. Lynch et al.
(57) proposed sharp transitions in oxygen
sticking coefficient for the hex-(1 X 1) trans-
formation and (1 X 1)-hex transformation at
high (6§ = 0.95) and low (# = 0.1) surface
coverage values, respectively. These criti-
cal values of surface coverages are different
from those determined by Ertl and co-work-
ers for the Pt(100) phase transition (48, 49).
A similar model was also used by Graham
and Lynch (23) to explain both steady-state
and forced composition cycling results for
CO oxidation over Pt/Al,0;, except both
the reaction rate constant and the oxygen
sticking coefficient for the (1 X 1) phase
were increased 250-fold to fit the experimen-
tal data.
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The inclusion of intrapellet diffusion for
dynamic response modeling of CO oxidation
over supported metal catalysts is limited.
Oh and Hegedus (52) studied the effects of
both internal and external diffusion resis-
tance on transient CO adsorption and de-
sorption in the absence of reaction. Intrapel-
let concentration profiles suggest that steep
profiles exist inside the catalysts during CO
adsorption while relatively mild gradients
are present during CO desorption. Oh, Heg-
edus, and Baron (53) directly compared dy-
namic CO oxidation experiments with theo-
retical predictions of a diffusion-limited
reaction model, using an overall algebraic
rate expression which assumes a single rate-
determining step. Cho (54) developed an el-
ementary step model of CO oxidation in-
cluding intrapellet diffusion using Lang-
muir-Hinshelwood kinetics. The evolution
of CO and oxygen surface coverage profiles
in a porous catalyst during both steady-feed
operation and forced concentration cycling
were simulated, however, simulated CO,
production rates were not directly com-
pared to experimental time-resolved cycling
measurements.

Mathematical models developed for CO
oxidation have been used to fit both steady-
state and dynamic behavior in only a few
cases (23, 32). It is safe to say that a single
comprehensive model of CO oxidation that
describes all of the observed complex be-
havior has not yet been developed. Al-
though previous forced-dynamic studies
have demonstrated the complexity of CO
oxidation over supported noble metals, the
causes of the observed behavior are still un-
known. Conclusive evidence to support the
existence of patches or islands of adsorbed
CO and O or metal crystallite surface recon-
struction on supported metal catalysts is not
available.

In previous work (37), we studied two
Pt/Al,O, samples prepared from chloride-
containing and chloride-free Pt precursors
and compared the behavior of the two cata-
lysts in terms of their steady-state reaction
behavior and dynamic responses to periodic
changes of CO pressure in O,. During dy-
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namic reaction experiments at 145°C in the
well-mixed reactor, CO pressures varied
from 0 to 0.125 Torr at a constant O, pres-
sure of 0.33 Torr over cycling periods of
24 s. The results of the steady-state and dy-
namic reaction experiments correlated with
each other, indicating that the sample pre-
pared from the chloride-free Pt precursor
(tetraamineplatinum nitrate) had stronger
CO-Pt interactions than the sample pre-
pared from the chloride-containing Pt pre-
cursor (chloroplatinic acid). In this work,
we compare directly the results of those
steady-state and forced-dynamic CO oxida-
tion experiments over Pt/Al,O; to simula-
tions accounting for internal diffusion using
traditional single-site Langmuir—Hinshel-
wood kinetics for CO oxidation and a two-
site model which explores the effects of site
heterogeneity.

Our goals for this work were (1) to deter-
mine the effects of internal diffusion resis-
tance on rapid dynamic rate measurements
for CO oxidation, (2) to determine the suit-
ability of a classic Langmuir—Hinshelwood
mechanism to describe time-resolved mea-
surements, and (3) to examine the possible
effects of site heterogeneity on time-re-
solved reaction measurements. Our main
conclusion is that a single mathematical
model incorporating two types of active
sites can explain the differences observed
in both steady-state and dynamic behavior
over the two catalysts studied.

To our knowledge, this is the first work
comparing steady-state and time-resolved
dynamic CO oxidation measurements to an
elementary step model incorporating inter-
nal diffusion resistance.

MODEL EQUATIONS

The porous catalyst pellets represented in
the simulations had slab geometry and were
Jocated in a well-mixed differential reactor
(31). External mass transfer resistance was
negligible at the low gas pressures and high
reactant diffusivities present in the reactor.
Because the CO pressure and conversion
were very low (0.125 Torr and <3%, respec-
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tively), temporal and spatial temperature
variations in the catalyst pellets caused by
the exothermic heat of reaction were negligi-
ble. In particular, CO pressures in the reac-
tor were over 400 times lower than in studies
of CO oxidation where large temporal and
spatial temperature variations caused by the
heat of reaction have been observed (10, 55,
56). The maximum amplitude of tempera-
ture variations measured by the thermocou-
ples imbedded in the centers of our 5-mm
diameter pellets during dynamic experi-
ments was 1.0°C. Temperature gradients
across the 0.38-mm thickness of the pellets
were estimated to be =0.6°C,

The dimensionless mass balance equation
for intrapellet fluid-phase CO is given by the
expression

d¢co d*cco
@ =g 92 — Faco + raco- (D)

Similarly, the dimensionless mass balance
for intrapellet fluid-phase O, is given by the
expression

dcg,

aar

dco,
=Bo " rno @
Variables and parameters contained in the
equations are defined in the Appendix. The
desorption rate for oxygen is assumed to be
negligible at the reaction temperature
(145°C) for the dynamic experiments (57).
The dimensionless mass balance for intra-
pellet fluid-phase CO, is given by the ex-
pression
dcco, #cco,
ar " ax?

Fers 3)
where r, is the rate of the surface reaction
between adsorbed CO and O. Figures 4 and
6a of our previous work (3/) demonstrate
that reversible adsorption of CO, onto the
support is negligible, since the CO, concen-
tration drops essentially as fast as the CO
concentration when CO is switched off at
12 s into a cycle. In addition, we have per-
formed experiments in which a mixture of
CO, and Ar was switched on and off under
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conditions similar to those in (37). There
was no apparent difference between the dy-
namic responses of CO, and Ar, confirming
that CO, adsorption did not have a signifi-
cant effect in our experiments.

The dimensionless mass balances for the
surface species CO (fco) and O (6p) are,
respectively,

20

—0 = rico = Faco — T )
oT
FR

e 2ry0, = Iy (5)

Since the pellet is symmetrical about its
centerplane, the dimensionless boundary
conditions at centerplane of the pellet for
each species 7 are

a¢;

—(0,7) = 0.

Py 0, 7) (6)
The dimensionless boundary conditions at
the external surface for this case are

CCO(la T) = f(T)’ (7)

where f(7) is defined by the CO vs time curve
shown in Fig. 4 in (31), and

c(1,7) = ¢2 @®)
for O, and CO,. The reactor is a differential
reactor (conversion <3%), so 0802 was set
equal to zero.

Since the time-resolved measurements
shown in this paper are average cycles, the
profiles at t = 0 s and 7 = 24 s must match.
Therefore, the dimensionless initial condi-
tions are defined as the conditions which
exist inside the pellet at + = 24 s which
match the initial conditions at ¢ = 0 s from
the same cycle.

The system of partial differential equa-
tions in Eqgs. (1)-(5) was solved using the
method of lines with cubic Hermite polyno-
mials. Time is made dimensionless using the
reaction rate constant. The values of gas
concentrations, pellet half-thickness, void
fraction, diffusivity, and ‘‘gas-to-surface ca-
pacity ratio’” were either measured directly
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F1G. 1. Key features of the dynamic CO, responses
of Pt/ Al,Os catalysts prepared from (a) tetraamineplati-
num nitrate (‘‘nitrate sample’”) and (b) chloroplatinic
acid (‘*chloride sample’’) over a 24-s cycle. The CO
pressure was periodically cycled between 2 and 120
mTorr with a 50% duty fraction, while the O, pressure
was held constant at 330 mTorr. A single cycle is shown
for each catalyst which is the average of 20 successive
cycles. The vertical scales show the CO, concentration
in the well-mixed reactor which is proportional to the
overall rate of CO, production. The catalyst tempera-
ture was 145°C.

or estimated from mercury porosimetry and
chemisorption uptake measurements. The
rate parameter values used in the simula-
tions were chosen based on appropriate fits
of the dynamic responses shown in Fig. 1.
The instantaneous dimensionless rate of
diffusion of CO, out of the pellet is

acco2
fco, = -8B ax )

Since CO, is a nonadsorbing species in the

©)
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model, its diffusion time constant is on the
order of milliseconds. Therefore the CO,
intrapellet profile is in quasi-steady state at
all times such that Eq. (9) simply integrates
the local surface reaction rate r, over the
pellet. Use of a different diffusivity for CO,
will not affect the results since the concen-
tration gradient will compensate and result
in no change in the rate of diffusion of CO,
out of the pellet.

For comparison to experimental measure-
ments, the concentration of CO, at the outlet
of the differential reactor is calculated from
the instantaneous rate of diffusion of CO,
out of the pellet through application of an
exponential lag due to bulk gas mixing in the
reactor. In (31) the mean gas residence time
in the reactor system was specified as 1.0 s.
This is the mean residence time for gas mole-
cules diffusing from the piezoelectric valves
through a six-way cross into the reactor
chamber, where gas concentrations are
measured by the mass spectrometer. The
volume of the six-way cross and adjoining
connections was approximately one-fourth
of the total volume of the six-way cross and
reactor chamber. Simulations indicated that
molecules diffusing out of the pellet and
flowing out of the reactor chamber were
lagged with an exponential time constant of
only 0.7 s, the time constant used for the
results presented here. The calculation of a
finite outlet concentration does not conflict
with the boundary condition at the external
surface for gas phase CO, set above, since
CO, is a nonadsorbing species which does
not participate in any reactions and diffuses
rapidly such that its intrapellet profile is in
quasi-steady state at all times.

RESULTS AND DISCUSSION
Key Features of Dynamic Experiments

Figure 1 shows the key qualitative fea-
tures of the dynamic experiments which we
took as the criteria for modeling. The dy-
namic experiments performed previously
(31) consist of a 24-s cycle with a 50% duty
fraction of CO in constant oxygen at con-
stant temperature. Data was acquired and
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averaged over 20 cycles, with 5 cycles
elapsed prior to data acquisition. The verti-
cal scales show the CO, concentration in the
well-mixed reactor which is proportional to
the overall rate of CO, production.

Two types of Pt/Al,O, catalysts from dif-
ferent platinum precursors were studied,
one prepared from chloroplatinic acid (chlo-
ride sample) and one prepared from tetra-
amineplatinum nitrate (nitrate sample).
Comparison of Figs. 1a and 1b reveals that
the nitrate and chloride sample dynamic re-
sponses have the same seven key features
which need to be modeled. First is the initial
rate of CO, production, which is equivalent
to the final rate at 24 s since average cycles
are shown. The initial rate for both the chlo-
ride and nitrate samples is nonzero due to
nonzero background CO levels in the reac-
tor during the CO-off half-periods. The sec-
ond key feature is the rate of increase in CO,
pressure (‘‘rise time’’ in Figs. la and 1b)
when CO is switched on. Next is the peak
height for the first peak. The mid-cycle rates
at 12 s, where both CO and oxygen are pres-
ent in full concentrations, are nonzero for
both catalysts and must be accurately pre-
dicted. The nonzero mid-cycle rates for both
catalysts indicate that CO and oxygen coex-
ist on the surface at 12 s.

The most difficult features to model are
the decline in CO, production and the time
delay prior to formation of the CO, peak
in the CO-off half-period of the cycle. The
decline in CO, production when CO is
switched off at 12 s is the most important
feature in both dynamic responses shown in
Fig. 1. The discussion to follow will demon-
strate that traditional models of CO oxida-
tion cannot predict the decline in CO, pro-
duction preceding the second CO, peak.

The final key feature to model is the sec-
ond CO, peak height and shape in the CO-
off half-period of the cycle. In addition to
fitting the various features of the dynamic
response data, each kinetic model should
predict observed steady-state rate data for
both samples in order to provide a more
complete test of the model.
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Classic Langmuir—Hinshelwood (L-H)
Model

The assumptions implicit in this model are
as follows:

1. All surface sites are identical.

2. There is no interaction between ad-
sorbed species other than reaction.

3. Adsorbed species are randomly dis-
tributed over the array of sites.

4. CO and O, compete for the same ad-
sorption sites.

5. CO adsorbs molecularly and O, ad-
sorbs dissociatively as O.

6. Adsorbed CO and adsorbed O each
take up one site.

7. CO, is weakly adsorbed and surface
coverages of CO, are negligible.

The kinetic equations resulting from as-
sumptions 1 through 7 are often used to
model steady-state CO oxidation behavior
(58).

For the classic Langmuir—-Hinshelwood
mechanism, the elementary reaction steps
for CO adsorption, O, adsorption, CO de-
sorption, and surface reaction, respectively,
are defined by the expressions

Faco = YacoCcoll — Bco —0o)  (10)
720, = Ya0,¢0,(1 — Oco — 60)*  (11)
Faco = YacoPco (12)

Fo = Ocobo - (13)

The fractional surface coverages 6, shown
in Eqgs. (10)-(13) above are defined in the
Appendix as the number of surface sites oc-
cupied by species i divided by the number
of surface sites of species i at saturation.
Since time was made dimensionless using
the surface reaction rate constant, a dimen-
sionless rate constant does not appear in the
surface reaction rate expression.

The classic model only allows one to
match only two out of seven features of the
dynamic data. Figure 2 shows a fit of the
classic L—H model to the nitrate sample data
shown in Fig. la. The criteria for fitting the
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Experimental Nitrate Data
Classic L-H Model
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Fic. 2. Comparison of the simulated dynamic re-
sponse of the classic Langmuir—Hinshelwood model to
the experimental CO, response shown in Fig. 1 for the
nitrate sample. Dimensionless rate constants used are
Yaco = 9.738 X 10, Ya0, = 3.25, and yyoo = 57.7.

data was based on the following characteris-
tics shown in Fig. 1: the initial rise time and
the height of the first CO, peak. The best fit
response in Fig. 2 is obviously inadequate,
since the model fails completely to predict
the CO, level at 12 s. In order to match the
injtial rise time, the classic model requires
a large ratio of CO sticking coefficient to
oxygen sticking coefficient, which results in
adsorbed CO saturating the surface of the
catalyst. Under steady-state conditions, this
drives the reaction into severe inhibition at
relatively low CO pressures (>0.03 mTorr).
The model can predict a nonzero initial rate
equal to that observed experimentally, how-
ever, this requires use of an even larger ratio
of CO to oxygen sticking coefficient. For
these parameters, however, the resulting in-
crease in CO, pressure when CO is switched
on is greater than that obtained experimen-
tally. Decreasing the rise time can be
achieved by increasing the rate of CO de-
sorption, however, this results in a reduced
initial rate (the same effect as lowering the
ratio of sticking coefficients).

One could match the steady-state CO,
level at 12 s using parameters which yield
less negative-order intrinsic steady-state ki-
netics, however the resulting dynamic re-
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sponse would not yield any peaks, only a
gradual increase in rate to the experimental
CO, level at 12 s, followed by a gradual de-
cline in rate after CO is switched off. Similar
arguments can be used to describe the fail-
ure of the classic L-H model in describing
the chioride sample’s dynamic response be-
havior, with marked failures in modeling the
rise time, the decline in rate following flush-
ing of CO from the reactor, and the second
CO, peak.

Modified Single-Site L-H Model

The classic Langmuir-Hinshelwood
model assumes that adsorbed O inhibits CO
adsorption, but previous studies (16, 37, 59,
60) of induction times for CO exposed to
supported noble metals covered with pread-
sorbed oxygen have shown that adsorbed
oxygen does not significantly inhibit CO ad-
sorption. Modification of the classic model
to account for these experimental observa-
tions can be done in several ways, forexam-
ple, by specifying that saturation coverage
of oxygen does not cover all CO adsorption
sites (58) or by adding an Eley-Rideal step
(61). Such a modification can provide an
improvement over the response of the clas=
sic model by allowing rapid production of
CO, at the start of a cycle without driving
the system far into the CO-inhibition regime
after the first CO, peak.

Uncertainties also exist concerning the
details of O, adsorption kinetics during CO
oxidation. Tsai et al. (62) have shown that
it is difficult to reconcile observations that
CO oxidation rates in the inhibition regime
depend only on CO/O, ratio and not on total
pressure, suggesting a first-order depen-
dence of O, adsorption on vacant sites, with
the presence of intrinsic rate multiplicities
and oscillations, which seem to require the
nonlinearity provided by a second-order de-
pendence of O, adsorption on vacant sites.
Harold and Garske (61) have shown that a
second-order dependence of O, adsorption
on vacant sites leads to a negative second-
order dependence on CO partial pressure
when O, adsorption is assumed to be the
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rate-limiting step, whereas the experimen-
tally observed dependence is negative first-
order or less. Changing the classic L-H
model so the rate of O, adsorption is first-
order in vacant sites might provide a better
fit to our data since the rate would not be
suppressed as much after the first CO,
peak.

Here, we have chosen to modify the clas-
sic L-H model in order to account for the
experimental observations that preadsorbed
oxygen does not significantly inhibit CO ad-
sorption by changing r,, and r,, to

faco = YacoCcoll — Oco) (14)

raOZ = yaOZCOZ(I - (1 - OO)GCO - 00)2- (15)
Now, only adsorbed CO inhibits CO adsorp-
tion. The rate of oxygen adsorption is still
proportional to the square of the number of
free sites available, however, the formula-
tion for this becomes (1 — (1 — 6)0c¢ —
60)*. The term (1 — 604)8co represents the
fraction of sites not covered by oxygen
which are covered by CO. Sites are avail-
able for O, adsorption until either 64 or 6,
reaches saturation coverage. An experimen-
tal study providing additional support for
the use of such rate expressions was pro-
vided by Conrad et al. (63), who observed
mixed phases of adsorbed CO and O on sin-
gle-crystal Pd under nonreaction conditions
with greater surface densities than single
component layers of either CO or O.

This modified L-H model is a small im-
provement over the classic L-H model,
since it can fit four out of the seven features
of the dynamic data. Figure 3 shows a fit
of the nitrate data with the modified L~H
model. The modified L-H model can fit all
four of the features of the initial peak, the
initial rate, the rise time, the first peak
height, and the mid-cycle rate, as demon-
strated in Fig. 3. The modified L~H model
predicts a nonzero surface coverage of CO
near the external surface of the pellet at the
background CO pressure (approx. 2 mTorr)
in the reactor at 24 s during each cycle (31).
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Fic. 3. Comparison of the simulated dynamic re-
sponse of the modified Langmuir—Hinshelwood model
to the experimental CO, response shown in Fig. 1 for
the nitrate sample. Dimensionless rate constants
used are y,co = 1.055 X 10%, y,9, = 2.109 x 10%, and
Yiaco = 31.25.

The nonzero coverage of CO results from
the lack of inhibition of CO adsorption by
oxygen, despite the relatively low CO to
oxygen adsorption rate constant ratio used
for the simulation. This low ratio still allows
a rapid rise in rate since CO adsorption is
not inhibited by adsorbed O, and also results
in a nonzero rate at high CO pressures (un-
like the classic I.~H model which shows
almost complete inhibition from 6-12 s dur-
ing the cycle).

However, even the modified L-H model
was unable to predict the dynamic behavior
of the catalyst after CO was switched off.
The model predicts neither the decrease in
CO, pressure after CO is switched off, nor
predicts the peak height nor location of the
second peak. In addition, the model fails to
predict the zero-order steady-state behavior
for the nitrate sample, as shown in Fig. 4.

The failure of both of the classic and modi-
fied L-H models is inherent due to the fact
that CO, peaks can only result from maxi-
mums in the product of surface coverages,
8cofo . To predict the first peak, the model
must pass through a maximum in 648,
resulting in a majority of the surface covered
with CO. Both CO and oxygen coexist on
the surface at 12 s for the modified L-H
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FiG. 4. Comparison of the modified I.—H model pre-
dictions to the experimental steady-state data for the
nitrate sample at 145°C and 330 mTorr O,. Dimen-
sionless rate constants used are y,co = 1.055 X 104,
Ya0, = 2.109 X 10%, and ygco = 31.25.

model, resulting in the predicted nonzero
mid-cycle rate shown in Fig. 3. However,
once CO is switched off, the surface cover-
age of oxygen starts increasing immediately,
resulting in an immediate increase in CO,
rate which continues until a second maxi-
mum in 608, occurs.

Therefore, after CO is switched off, nei-
ther the classic L-H model nor the modified
model can predict the key feature of the
experimental data: the decrease in CO, rate
preceding the formation of the second CO,
peak. This would be the case even if addi-
tional modifications were made to make the
oxygen adsorption rate first-order in vacant
sites.

To demonstrate this failure of the modi-
fied L-H model, Fig. 5 shows the range of
responses possible for the cycled-CO exper-
iment. Figure 5 shows a series of dynamic
response curves as a function of CO desorp-
tion rate. Identical CO adsorption, oxygen
adsorption, and reaction rates are used for
each curve. At low desorption rates (curve
(d)), CO quickly dominates the surface of
the catalyst, resulting in initial peaks in rate
of CO, production; then, as CO pressures
at the external surface increase during the
cycle, the rate is driven into inhibition.
Since the coverage of CO is high and oxygen
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coverage is very low at 12 s, when CO is
switched off, the rate increases immediately
as oxygen adsorbs on the surface and reacts
away CO, forming a second peak. As the
CO desorption rate increases, relative cov-
erages of CO are lower, the initial peak shifts
to later times, and the rate at 12 s is higher,
due to increased surface coverage of oxy-
gen. Since more oxygen is present on the
surface at 12 s, the surface requires less time
to reach a maximum in rate after CO is
switched off. This results in the second peak
shifting to earlier times during the cycle.

Because diffusion resistance slows the ad-
sorption of CO when CO is switched on, the
second peak maximum is higher in rate than
the first peak for these modified L.—H model
simulations. This also results in the initial
peak disappearing prior to the second peak
(as shown by curve (b), y4co = 125). When
the desorption rate is sufficiently high (curve
(a), vaco = 250), the intrinsic kinetics are
sufficiently positive order so as to remove
both peaks altogether. Diffusion does not
significantly affect the CO-off half-period of
the cycle since both CO and oxygen are
already present on the surface inside the
catalyst when CO is switched off.

a - offset=2 mTorr

F1G. 5. Characteristic dynamic CO, responses of the
modified L-H model (single-site model). All curves
have the following parameter values: y,co = 1.055 X
10* and y,0, = 2.109 X 10°. For curve (a) y4co = 250;
(b) Yaco = 125; (¢) vaco = 31.25; () vaco = 12.5.
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Bimodal Site Distribution
Model—“Two-Site’”” Model

In (37) we proposed that simple L-H ki-
netics combined with a distribution of sites
with different CO adsorption energies might
explain the zero-order steady-state behavior
observed over the nitrate sample. The range
of behavior for dynamic responses shown in
Fig. 5 for the modified L.-H model using a
single type of adsorption site supports the
proposal that a distribution of surface sites
might also predict the dynamic behavior
shown in Fig. 1. The simulated dynamic re-
sponse of a single-site model for a high rate
of CO desorption (Fig. 5a) results in an in-
crease in CO, production after CO is turned
on without formation of the first CO, peak.
Since the product 640 does not go through
amaximum, the second CO, peak is also not
formed after CO is turned off. For a lower
CO desorption rate (Fig. 5d), two CO, peaks
are formed: the first caused by rapid CO
adsorption and reaction followed by inhibi-
tion at high CO pressures, and the second
by reaction of adsorbed CO after CO is
switched off. Addition of the dynamic re-
sponses shown in Fig. 5a (which predicts a
nonzero mid-cycle rate) and Fig. 5d (which
predicts formation of two CO, peaks), in
some relative ratio, would appear to provide
a response containing the first CO, peak, a
nonzero mid-cycle rate, and a drop in rate
followed by the second CO, peak. This sug-
gests that a model incorporating multiple
adsorption sites with different activities
might yield dynamic responses similar to
those seen experimentally.

Supported metal particles have a variety
of different crystal planes and metal surface
structures exposed on their surfaces (46,
64). Crystallite size has been shown to affect
crystallite shape and exposed crystal faces
for noble metal catalysts (65). Particle size
and particle size distribution affect crystal
faces which are exposed for adsorption (66).
TPD spectra have shown different crystal
faces to have different CO adsorption char-
acteristics (67). Particle size also affects
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CO bonding configurations for noble metal
catalysts. Adsorption of CO in a bridge-
bonded configuration is favored on large
Pt particles and linearly bonded CO is
favored on small Pt particles (27), with
the bridge-bonded species having a lower
binding energy (68) and greater reactivity
(27). Bonding configurations have also
shown coverage dependence on model Pd
catalysts (69).

Our previous work demonstrated that CO
adsorption strength can be directly corre-
lated with both steady-state and dynamic
reaction characteristics (37). Investigations
of this nature support the assertion that sup-
ported noble metal catalysts used for CO
oxidation have multiple types of adsorption
sites with different reactivities. Yao et al.
(70) found that Pt oxide deposited on Al,O,
was present in two phases: a particulate
phase with little interaction with the support
and a dispersed phase with larger support
interactions. Qukaci et al. (71), through
analysis of steady-state isotopic tracing ex-
periments during CO oxidation, concluded
that the distributions of active sites in their
supported Rh, Pt and Rh/Pt catalysts were
bimodal. Sant and Wolf (/0) found that os-
cillations for CO oxidation over Pt/SiO, are
a function of the size distribution and spac-
ing of Pt crystallites. Oscillations for cata-
lysts with bimodal particle size distributions
were attributed to good communication be-
tween small crystallites closely spaced to-
gether. This communication, however, was
hindered by heat conduction limitations in
the catalyst.

The idea of multiple types of adsorption
sites with different reactivities has not been
invoked in previous mathematical models of
CO oxidation. Below, we demonstrate that
our observed dynamic and steady-state be-
havior for both supported Pt/ AL O; catalysts
can be explained with a single model which
specifies two distinct types of adsorption
sites with different adsorption characteris-
tics and reactivities.

The bimodal site distribution model (two-
site model) specifies that active sites are di-
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vided into two types of sites which have
different adsorption and reaction character-
istics. The two types of sites are assumed to
be independent of each other, that is, there
is no interaction between adsorbed species
on different types of sites.

Single-site models applied to supported
metal catalysts often implicitly assume that
rate constants represent average properties
of a distribution of sites with different prop-
erties. This assumption works as long as the
distribution of sites is unimodal and not too
broad. In our two-site model, we expect that
there are not necessarily two unique types
of sites but rather a bimodal distribution of
sites with average rate parameters corre-
sponding to each peak in the distribution. A
distribution of sites can result even when all
particles are the same size since multiple
facets may be exposed on each supported
metal crystallite.

The dimensionless gas phase species
equations retain the same form as those
shown in Eqgs. (1)-(3) except that the CO
adsorption rate, CO desorption rate, O, ad-
sorption rate, and reaction rate are now a
summation of the product of the individual
rates over N types of sites (where N = 2
here) multiplied by the fraction of each type
of site. For example, the CO adsorption rate
in Egs. (1)-(3) becomes

N
Faco = zlﬁ"’ajCOv (16)
=

where f; represents the fraction of total sites
which are type-j sites, and where the sum of
all f;equals 1. Similarly, all of the rates given
in Egs. (1)-(3) become sums of rates. The
accumulation and diffusion terms for the
gas-phase species remain the same as in
Egs. (1)-(3).

Mass balance equations are required each
of the four surface species. The two surface
CO equations each have the same functional
form as Eq. (4) and the two surface oxygen
each have the same functional form as Eq.
(5). The surface CO balances for the two-
site model are given by the expression
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37 = Fajco — Tajco — Fsyjo

(a7

and the surface oxygen balances for the two-
site model are

30,4
a—fr = 21,0, = Fo (18)
where j = 1 for type-1 sites and j = 2 for
type-2 sites. The rate expressions are

Fajco = Vajcocco(1 - Oico) (19)

720, = Yajo,fiCo,(1 = (1 =0,0)8;c0 = 0,0)*  (20)

Faico = Yajcoico 2n

Forj = Ysrjﬁ‘ejcoajo- (22)
Oxygen does not inhibit CO adsorption, as
was specified in the modified L-H model.
The fractional surface coverages 6,; are de-
fined as the number of type-j sites occupied
by species i divided by the number of type-f
sites occupied by species i at saturation.
Time is made dimensionless by the surface
reaction rate constant for type-1 sites. The
choice of this rate constant to make the
equations dimensionless is arbitrary; other
appropriate choices of scaling times can be
made.

The equations for the two-site model were
solved to obtain fits of the dynamic CO,
responses for the nitrate and chloride sam-
ples based on the criteria in Fig. 1. Model
predictions of steady-state data were ob-
tained by specifying various constant pres-
sures of CO at the external surface of the
pellet and then integrating the equations to
steady state at each pressure. No hysteresis
in steady-state rate was observed in the ex-
periments or simulations over the range of
conditions studied. For a given sample, the
same values of model parameters were used
for both the dynamic and steady-state simu-
lations. The values of the rate parameters
used for the simulations are listed in Table 1.
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TABLE 1

Parameters for Two-Site Model Used in Simulations

Parameter Nitrate sample  Chloride sample

(description) (Figs. 6-7) (Figs. 8-12)
Yaico (CO ads, site 1)¢  4.219 x 10 2.813 x 10°
Yoo (CO ads, site 2)¢  4.219 x 103 2.813 x 10°
Yato, (O ads, site 1) 8.437 x 10? 5.625 x 10?
Va0, (01 ads, site 2)¢ 8.437 x 107 5.625 x 102
Yaico (CO des, site 1) 1.25 0.67
Yazxco (CO des, site 2) 150 500
v (reaction, site 1) 1 1
Yo (reaction, site 2) 1 2.16
fi, f» (fraction of sites) 0.6, 0.4 0.5, 0.5

“ kg (chloride} = 1.5 kg, (nitrate), so k,j; (chloride) = k,,
(nitrate).

The two types of sites specified for the
nitrate simulation differ only in their adsorp-
tion strengths for CO, with each type of site
having the same reactivity. The two types
of sites have equal sticking coefficients for
CO, but differ in their desorption rates for
CO (ygc0 = 1.25 and ygc0 = 150). The
proportion of sites for the nitrate simula-
tions is 60% type-1 sites (stronger CO ad-
sorption) and 40% type-2 sites (weaker CO
adsorption). The rate parameters «, g,
Ya1co> Ya10;> Yazco» aNd vy, Were taken as
adjustable parameters in this work. For the
values of these parameters given in Table
1, the corresponding values of Pt loading,
dispersion, effective diffusivity, and stick-
ing coefficients for CO and oxygen are each
within a factor of five of estimates obtained
from CO TPD and mercury porosimetry
measurements and published estimates of
sticking coefficients.

Figure 6 shows the two-site model pre-
dicts the initial peak in the dynamic re-
sponse and the features of the second peak
as well. In contrast to Fig. 3 (single-site
model simulation), the two-site model pre-
dicts a decrease in CO, rate after CO is
switched off, reaching a minimum at r =
14.5 s before increasing to a peak maximum
at ¢ = 16 s. This is consistent with the data
observed experimentally. The decline in
rate results from the contribution of posi-
tive-order reaction over type-2 sites, whose
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CO coverage declines after CO is switched
off. The magnitude of the second peak pre-
dicted by the two-site model is also more
consistent with the data than the single-site
model. Following the second CO, peak, the
reactionrate decreases, leveling off at a non-
zero value at 24 s. The nonzero rate is due
to the residual CO pressure in the reactor at
24 s.

The comparison between the steady-state
CO, rates predicted for the single-site and
two-site models is interesting. In Fig. 4, the
single-site model exhibits classic behavior
for CO oxidation: positive-order in CO at
low CO pressures and negative-order in CO
at high CO pressures. The steady-state data
for the two-site model, shown in Fig. 7, is
remarkably consistent with the experimen-
tal data for the nitrate sample. The rate is
positive-order in CO at low pressures (<10
mTorr), followed by a zero-order region at
pressures greater than 25 mTorr CO. Type-1
sites are nearly saturated with CO at pres-
sures greater than 25 mTorr, resulting in a
declining rate of CO, production on type-1
sites as oxygen coverage decreases with in-
creasing CO pressure. This decline in rate
on type-1 sites is offset by positive-order
behavior on type-2 sites at pressures greater

—— Experimental Data
Model

0 T T T T T
0 4 8 12 16 20 24

Time (s)

FiG. 6. Comparison of simulated dynamic response
of the two-site model to the experimental CO, response
shown in Fig. 1 for the nitrate sample. Dimensionless
parameters for the simulation are listed in Table 1.
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FiG. 7. Comparison of the two-site model predictions
to the experimental steady-state data for the nitrate
sample at 145°C and 330 mTorr O,. Dimensionless pa-
rameters for the simulation are listed in Table 1.

than 25 mTorr. The result is an overall CO,
production rate which appears zero-order
over the range of CO pressures studied.

In Fig. 1, the dynamic response of the
chloride sample is similar to the dynamic
response of the nitrate sample, with some
differences. The drop in CO, production
rate from the first CO, peak to the rate at
12 sis not as large over the chloride sample.
The decline in rate after CO was switched
off is more pronounced for the chloride sam-
ple and the size of the second peak at 15.5 s
is much smaller.

Despite these differences, the dynamicre-
sponse of the chloride sample can also be
modeled using the two-site model, as shown
in Fig. 8. The simulation results closely
match the initial rate, the peak size at 3.5 s,
the rate of decline in CO, pressure after CO
was switched off, and the peak at 15.5 s.

The largest discrepancy in the dynamic
predictions of the model, for both the chlo-
ride and nitrate simulations, is the rate of
decline following the first CO, peak at
3.5 s. Overall, however, there is excellent
agreement between the experimental data
and the model predictions of the dynamic
responses. The two-site model predicts the
observed dynamic behavior for both
Pt/Al,O, catalysts with the specification of
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only three additional parameters: the frac-
tion of the second type of site, a new reac-
tion rate constant for the second type of site,
and a new CO desorption rate constant for
the second type of site.

Previous TPD and adsorption calorimetry
measurements suggested that the chloride
sample adsorbs CO more weakly than the
nitrate sample (31). The parameters used for
the chloride simulation are consistent with
this observation. Type-2 sites in the chloride
simulation adsorb CO more weakly than
type-2 sites in the nitrate simulation
(vaacolchloride) > yyco(nitrate)). The larger
reaction rate constant over type-2 sites in
the chloride simulation accentuates the ef-
fects of the weaker CO adsorption over
these sites.

Figure 9 shows the comparison of the sim-
ulation results to the steady-state data for
the chloride sample. The two-site model
predicts positive-order behavior in CO pres-
sure over the range of CO pressures studied,
although the agreement between model and
experimental data is not as good as the
agreement for the nitrate sample shown in
Fig. 7. The less than first-order behavior of
the simulated steady-state data in Fig. 9 is
attributed mainly to the lack of inhibition of
CO adsorption by adsorbed oxygen in the
modified L-H models: the surface reaction

CO2 (mTorr)

Exp't Chloride Data
Two-Site Model

0 4 8 12 16 20 24
Time (s)

FiG. 8. Comparison of simulated dynamic response
of the two-site mode} to the experimental CO, response
shown in Fig. 1 for the chloride sample. Dimensionless
parameters for the simulation are listed in Table 1.
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Fi1G. 9. Comparison of the two-site model predictions
to the experimental steady-state data for the chloride
sample at 145°C and 330 mTorr O,. Dimensionless pa-
rameters for the simulation are listed in Table 1.

rate is proportional to the product of the
oxygen and CO coverages and the CO cov-
erage is roughly proportional to KPqo/(1 +
KPcp). There are several ways in which the
steady-state predictions of the model might
be improved. For example, the classic L-H
model, where each adsorbed oxygen atom
excludes CO from adsorbing on that site,
yields greater than first-order steady-state
behaviorin CO pressure in the positive-order
regime (62). ‘‘Mixing’’ the two expressions
for CO adsorption in the modified and classic
L-H models by allowing some inhibition of
CO adsorption by adsorbed oxygen would
result in more linear steady-state behavior
for the chloride simulation (58).

Some debate exists over whether CO oxi-
dation over supported Pt is structure sensi-
tive. Most studies have found some struc-
ture dependence for rates of CO oxidation.
McCarthy et al. (72) observed CO oxidation
to be demanding at low CO concentrations
and facile at high CO concentrations over
Pt/Al,05. Akubuiro et al. (28) found that
demanding behavior is observed at both
high and low concentrations when Pt crys-
tallites have average diameters less than
3 nm. Lower activities were noted at small
crystallite sizes by Herskowitz ez al. for sup-
ported Pt catalysts (73). In contrast, Cant
(74) observed no clear dependence of turn-
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over number on metal dispersion for CO
oxidation over Pt/SiO,. Sarkany and Gon-
zalez (27) also found CO oxidation rates
over Pt/Si0O, to be relatively insensitive to
dispersion, but turnover numbers increased
with decreasing dispersion over Pt/Al,O;.
The degree of structure sensitivity appears
to be a function of gas concentrations, as
well as particle size and supports used.

In addition, the degree of structure sensi-
tivity should be a function of temperature,
given the differences in activation energy
for desorption over different Pt crystal faces
(67). In one sample with a bimodal site dis-
tribution, the relative activities of the two
types of sites should change dramatically in
the 50 to 200°C temperature range, with one
type of site switching into a positive-order
region and the other type of site remaining in
the inhibition region. Similarly, the relative
activities of two samples with different site
distributions should also change dramati-
cally in this temperature range. At higher
temperatures, however, all sites might exist
in more positive-order regimes and no appar-
ent structure sensitivity may be observed.

The differences in the CO desorption rate
constants between the two types of sites in
a sample represent differences in desorption
activation energies of 4 kcal/mol for the ni-
trate simulation and 5.5 kcal/mol for the
chloride simulation, assuming equal pre-ex-
ponential factors. McCabe and Schmidt (67)
have shown different crystal planes of Pt to
span this difference in activation energies
for desorption. What may appear to be a
large difference in desorption rate constants
between the two types of sites in a sample
is actually consistent with the range of acti-
vation energies reported for CO desorption
from Pt.

Effects of Diffusion on Dynamic Response

Figure 10 shows the evolution of the gas
phase CO profiles inside the pellet for the
dynamic simulation of the chloride sample
shown in Fig. 8. Figures 11 and 12 show
surface coverage profiles for both type-1 and
type-2 sites at various times during the CO-
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F1G. 10. Evolution of gas-phase CO profiles for the
dynamic simulation of the chloride sample behavior
shown in Fig. 8. The horizontal scale corresponds to
the 0.19-mm half-thickness of the pellet.

on and CO-off half-periods, respectively.
The horizontal span of the plots in Figs.
10-12 corresponds to the 0.19 mm-half-
thickness of the pellet. Gas phase O, profiles
inside the pellet (not shown) are relatively
flat during dynamic simulations since O, was
in stoichiometric excess and the external
O, pressure was held constant during CO
cycling. At each time, the local curvature of
the gas phase CO, profile inside the pellet at
each position (not shown) is proportional to
the local surface reaction rate (f,cpf,0 +
Brcobao), since the CO, profiles are in quasi-
steady state.

The gas phase and surface concentration
profiles demonstrate the effects of diffusion
upon the reaction system and clarify the dy-
namic reaction behavior for the two cata-
lysts. The surface coverage profiles for the
nitrate sample are similar, except for faster
filling by CO of type-2 sites (8,¢¢) during the
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CO-on half-period and higher CO coverages
on type-2 sites at mid-cycle than those
shown in Fig. 12a. These differences are
attributable to stronger CO adsorption char-
acteristics (Jower CO desorption rate con-
stant) for the type-2 sites for the nitrate sim-
ulation.

The first time frame in Fig. 11a shows
surface coverages on both types of sites at
the beginning (+ = 0 s) and, therefore, end
(t = 24 s) of each cycle. Due to strong CO
adsorption on type-1 sites, steep CO surface
coverage gradients exist near the external

Fractional Coverage

Fractional Coverage

1 81co (top curve)
89, (bottom curve)

Fractional Coverage

c-t=15s

0.0 L e B A B s S |
0.0 0.2 0.4 0.6 0.8 1.0

Distance from Centerplane of Peilet

FiG. 11. Evolution of surface coverage profiles for
the dynamic simulation of the chloride sample behavior
during the CO-on half-period. (a) corresponds to t =
0's, (b) to r = 0.5 s during the initial rise in CO, rate
shown in Fig. 8, and (¢) to 1 = 1.5s, showing the
surface profiles resulting in the first peak at 7 = 3.5 sin
Fig. 8. The horizontal scale corresponds to the 0.19-mm
half-thickness of the pellet.
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F1G. 12. Evolution of surface coverage profiles dur-
ing the dynamic simulation of the chloride sample be-
havior during the CO-off half-period. Fig. (a) corre-
sponds to r = 12 s, the mid-cycle rate, (b)to¢ = 13.5 s
during the decline in CO, rate, and (c) toz = 15.25 s,
showing the surface behavior resulting in the second
peak at r = 16 s in Fig. 8. The horizontal scale corre-
sponds to the 0.19-mm half-thickness of the pellet.

surface on type-1 sites (f,c¢). Type-1 sites
adsorb most of the small amount of available
gas-phase CO, so type-2 sites show only a
small CO surface coverage (0,co) near the
external surface. Oxygen coverages are
near saturation for both types of surface
sites throughout the pellet except on type-1
sites (,o) near the external surface, where
oxygen coverages are reduced due to reac-
tion with adsorbed CO.

As gas-phase CO increases at the external
surface after CO is switched on, gaseous
CO begins to diffuse and adsorb at greater
distances inside the pellet. Figure 11b shows
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the surface coverages for ¢t = 0.5 s during
the dynamic simulation shown in Fig. 8. The
steep gradient in CO coverage on type-1
sites (0,co) halfway through the pellet re-
sults from strong adsorption of CO on type-1
sites, with saturation occurring as rapidly as
CO gas diffuses inside the pellet. CO cover-
ages are near saturation where CO gas has
diffused inside the peltet and near zero else-
where. For type-1 sites, oxygen coverage
(0,0) decreases almost linearly from the dis-
tance which CO gas has diffused inside the
pellet to the outer surface. For type-2 sites,
CO adsorption is weaker, resulting in an
almost linear gradient in CO coverage (6,cq)
from the external surface of the pellet to the
distance inside the pellet where CO gas has
diffused. Little change in oxygen coverage
on type-2 sites (6,p) is predicted at 7 = 0.5 s.

Diffusion suppresses the rate of CO, pro-
duction during the CO-on half-period, espe-
cially for cases of strong CO adsorption. In
the absence of diffusional limitations, rapid
reaction of the adsorbed oxygen layer at the
beginning of each cycle would result due to
rapid saturation of the entire internal surface
by CO. In Fig. 11b, since the internal region
of the surface is excluded from CO adsorp-
tion due to diffusional limitations, this re-
gion does not participate in the reaction at
early times.

The parameter 8 in Eqgs. (1)-(3) can be
considered a dimensionless dynamic diffu-
sivity and provides an estimate of the time
frame during which diffusion suppresses the
rate of CO, production at the start of the
cycles. Assuming an infinite local rate of
CO adsorption until saturation and no CO
desorption, the diffusion-limited time for
filling the active surface of the catalyst with
adsorbed CO in the absence of reaction can
be calculated (75). The dimensionless dy-
namic diffusivity 8 is related to the diffu-
sion-limited surface-filling time for CO, ¢,
by the expression

L1 kyNcg,)
co =38 —_——CIC% :

(23)
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For the simulations presented here, the dif-
fusion-limited surface-filling time for CO is
on the order of 3-5s. Since the dimen-
sionless dynamic diffusivity 8 contains the
gas-to-surface capacity ratio o, the diffusion-
limited surface-filling time for an adsorbing
speciesislongerthan the characteristic diffu-
sion time of a nonadsorbing species.

Intrapellet diffusion must be considered
when modeling dynamic responses during
transient periods of the same order of magni-
tude as the diffusion-limited surface-filling
times. This can be true even when diffusion
resistance is negligible under steady-state
conditions, since transient filling of the sur-
face can be faster, with respect to diffusion,
than steady-state reaction rates.

Between t = 0.5s and ¢t = 1.5 s, rapid
changes occur on the surface of the catalyst.
Throughout the pellet, type 1 sites become
saturated with CO (8,.¢) and oxygen cover-
ages (0,o) decline, as seen in Fig. 1lc.
Type-1 sites reach a maximum in rate be-
tween t = 0.5s and ¢+ = 1.5 s. However,
the overall surface rate maximum does not
occur until # = 1.5 s, since type-2 sites also
contribute. Atz = 1.5 s, the reaction rate
over type-2 sites is increasing as sites con-
tinue to fill with CO (6,¢). The sum of the
two surface reaction rates is a maximum at
this point, since the reaction rate from
type-1 sites is still large, though decreasing,
at t = 1.5 s. At later times, rate increases
are minimal on type-2 sites, since type-2
sites have almost reached steady-state cov-
erages at ¢t = 1.5 s. The reaction rate on
type-1 sites decreases until type-1 sites are
devoid of oxygen (6,). This large decrease
in reaction rate on type-1 sites more than
offsets a small increase in rate over the
type-2 sites betweent = 1.5sand ¢ = 12 s.
The virtual absence of surface gradients at
12 s (Fig. 12a) is in stark contrast to the
steep gradients in CO coverageat¢ = 0.5 s.
The virtual absence of surface coverage gra-
dients at £ = 12 s indicates that diffusional
limitations are not significant under steady-
state conditions at relatively high CO pres-
sures.
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Diffusion resistance does not significantly
affect the rate of CO, production during the
CO-off half-period since both reactants,
adsorbed CO and O, are already present
inside the pellet when CO is shut off.
When CO gas is removed from the external
surface, the CO, production rate de-
creases. Any remaining CO in the gas
phase is adsorbed on type-1 sites, main-
taining near saturation coverage of CO
(f1co) and near zero coverage of O (6,4).
The CO coverage remains high and the
rate stays low on type-1 sites until the CO
pressure drops to a relatively low value.
Since little gas-phase CO is left to adsorb
on type-2 sites, the CO coverage on these
sites decreases (6,oo in Fig. 12b). The
overall rate decreases in conjunction with
the decrease in CO surface coverage on
the type-2 sites. Once CO reacts away
from the type-2 sites, CO occupying type-1
sites begins to react (Fig. 12¢), resulting in
the second CO, peak at 16 s. Type-2 sites
contribute little to the overall rate at this
time. The maximum in overall reaction rate
in the second CO, peak occurs as oxygen
coverage increases and CO coverage de-
creases on type-1 sites (Fig. 12¢). As time
progresses, the CO coverage on type-l1
sites continues to decrease. The decrease
is more rapid near the center of the pellet
because of reaction, resulting in the profiles
shown in Fig. 1la (f = 0 and 24 s).

For the two-site model, uniform distribu-
tion of both types of sites is assumed
throughout the pellet. Since the effect of
diffusion on dynamic response was not ex-
tremely large in the simulations, similar re-
sults might be obtained if the two sites were
spatially segregated from each other. How-
ever, since the differences between the sites
are predicted to result from small differ-
ences in the strength of CO adsorption,
which are expected to be present even over
single Pt crystallites, we expect that the two
sites are present together and are distributed
fairly uniformly throughout the catalyst.
Future experiments should be designed to
differentiate between these two alterna-
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tives since, as we discussed previously
(31), spatial nonuniformities in catalyst pel-
lets may be a common problem in kinetic
studies.

The surface coverages for the two-site
model shown in Figs. 11 and 12 exhibit hys-
teresis in the distribution of CO between the
two sites. At similar total coverages, the
distribution of CO is skewed toward one
type of site or the other, depending on previ-
ous cycling history. This hysteresis in sur-
face coverage demonstrates that the two-
site model is not equivalent to a single-site
model with coverage-dependent param-
eters.

The two-site model also predicts ‘‘segre-
gation’’ of CO preferentially on type-1 sites
at high CO pressures during dynamic opera-
tion (Fig. 12b and 12¢). Segregation of CO
into patches or islands was previously pro-
posed to explain the results of steady-state
and dynamic behavior for CO oxidation
(38). Evidence to support the existence of
CO islands on supported noble metals dur-
ing reaction is primarily limited to FTIR
measurements of CO frequency invariances
with changing total CO surface coverage.
In a previous work (37), we proposed that
segregation of CO into patches or islands
could potentially explain the appearance of
the CO, peaks during dynamic cycling.
However, we found that models incorporat-
ing CO islands with very complex perimeter
specifications could only approximate the
features of the experimental dynamic re-
sponses (76, 77).

Previously proposed mechanisms of Pt
oxidation and reduction are applicable to
long transients and oscillatory behavior (5,
75). Previously proposed surface recon-
struction models (23, 51) cannot qualita-
tively explain the dynamic behavior we have
observed (37). The two-site model requires
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additional specification of only three pa-
rameters to a traditional L-H model in
order to predict the steady-state and dy-
namic behavior observed over the two
Pt/Al, O, catalysts. In addition, segregation
of CO on strong CO adsorption sites with
limited reaction, in conjunction with reac-
tion of co-adsorbed CO and oxygen on
weaker CO binding sites, might account
for the observed invariance of CO fre-
quency with changing surface coverage
previously attributed to the formation of
CO islands.

CONCLUSIONS

In this work, we have demonstrated that
traditional Langmuir—-Hinshelwood models
of CO oxidation cannot predict the steady-
state and dynamic behavior observed over
our Pt/Al,O; catalysts. A kinetic model that
specifies a bimodal distribution of active
sites with different activities and adsorption
characteristics was able to explain most of
the experimental results with specification
of only three additional parameters. This
work demonstrates that site heterogeneity
should be considered along with segregation
of adsorbates and surface phase transforma-
tions as possible explanations of steady-
state and dynamic CO oxidation kinetics.

Intrapellet diffusion will affect the dy-
namic response of a catalyst when cycling
periods are the same order of magnitude as
diffusion-limited surface-filling times. Sig-
nificant internal concentration gradients
were present in our experiments under
steady-state conditions of low CO/O, ratio
and during transient filling of the surface by
CO. Diffusion resistance modified the shape
and size of the initial CO, peaks formed dur-
ing dynamic cycling of CO, but did not cause
the appearance of any of the CO, peaks ob-
served.

: NOTATION

[ Index for product and reactant species (CO, O,, O, CO,)

Index for type of site (1, 2)
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Variables, Parameters, and Parameter Values

¢} Concentration of species i in gas phase within the pellet
{mol/cm?)

c&d Concentration of CO in gas phase external to the pellet =
4.795 x 10~° mol/cm?

ey Concentration of O, in gas phase external to the pellet = 1.266

) x 107% mol/cm?
ced, Concentration of CO, in gas phase external to the pellet = 0.0
' mol/cm?

D, Effective diffusivity = 2.25 cm?%/s

g Void fraction of porous catalyst pellet = 0.3

kaco Adsorption rate constant for CO (cm?/mol - s)

ka0, Adsorption rate constant for O, (cm’/mol? - s)

kaco Desorption rate constant for CO (s™)

kg Surface reaction rate constant (cm?/mol - s)

kyjco Adsorption rate constant on site j for CO (cm3/mol - s)

kyjo, Adsorption rate constant on site j for O, (cm®/mol®- s)

kgico Desorption rate constant on site j for CO (s~ 1)

ks Surface reaction rate constant on site j (cm?/mol - s)

L Half-thickness of slab-geometry catalyst pellet = 0.019 cm

n; Surface concentration of species i on active area (mol/cm?)

n; Surface concentration on site j of species i (mol/cm?)

n; Concentration of site j in active area (mol/cm?)

N Total concentration of active sites in active area = 2.0 x 107°
mol/cm?

S, Active area to pellet volume ratio = 1.58 x 10* cm?*/cm?

t Time (s)

x' Distance from the centerplane of the slab-geometry catalyst

pellet (cm)

Dimensionless Rates of Elementary Steps

Faco Adsorption rate of CO

¥0, Adsorption rate of O,

Faco Desorption rate of CO

For Surface reaction rate between adsorbed O and CO
Faico Adsorption rate on site j of CO

Faj0, Adsorption rate on site j of O,

Fajco Desorption rate on site j of CO

] Surface reaction rate on site j between adsorbed O and CO

‘srj

Dimensionless Variables, Parameters, and Parameter Values

¢ = ¢ /cé,? Dimensionless gas concentration in pores of species i
c® = % Dimensionless gas concentration in pores of species i at the
i external face of the pellet
fi = n/N Fraction of total sites which are type-j sites
rco, = —Bldcco,/dx],~; Dimensionless instantaneous rate of diffusion of CO, out of
the pellet

X = x'/L Dimensionless distance from centerplane of pellet
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o' =g coj/(S N) Pore gas concentration to surface concentration ratio, “‘gas-
to-surface capacity ratio” = 1.2 x 1074
B = aD /(AerLz) Dimensionless dynamic diffusivity
Vaco = aCOCO Ok N) Dimensionless adsorption rate constant for CO
Ya0, = ko, Co?z/ksr Dimensionless adsorption rate constant for O,
Yaco = deO/(ker ) Dimensionless desorption rate constant for CO
Yajco = ajcoco Of(k,N) Dimensionless adsorption rate constant on site j for CO
Yaj0, = kajO7C07/ksr1 Dimensionless adsorption rate constant on site j for O,
Yaico = kajcol ki N) Dimensionless desorption rate constant on site j for CO
Yoi = kgilka Dimensionless reaction rate constant on site j
0; = m/N Fractional surface coverage of species i
0, = nln; Fractional surface coverage on site j of species i
T = th N Dimensionless time ( =tk N for two-site model)
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