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Special kinetic behaviors in isothermal reactions on heterogeneous catalysts com-
posed of two components with different roles are studied with the focus on bistabilities
that could occur in stirred-tank flow reactors when control of catalytic sites on one
component by mobile (spillover) species produced by the other operates. The compre-
hensive kinetic model involves: (1) generation of spillover species on the second phase,
their transfer to the potentially catalytic phase, and their reaction with this acceptor to
generate selective sites; (2) the kinetics of the catalytic reaction. We developed a model
for selective catalytic oxidation, where catalyst sites change from nonselective to selec-
tive under the influence of the control by spillover oxygen. The model is based on the
system of differential equations. By integration and iteration to the steady state for each
value of the external control parameter under investigation, the oxygen and hydrocarbon
reactant consumption, as well as the state of the catalyst, is calculated. These calcula-
tions predict bistable selectivity for certain ranges of concentration in the feed. Data on
the boundaries of the hysteresis loops as a function of catalyst composition and oxygen
partial pressure are discussed, as well as the variation of these hysteresis boundaries as a

function of the internal parameters.

Introduction

Most selective oxidation catalysts used in industry reveal
two or, more often, several distinct solid phases. These phases
cooperate with each other to bring about synergetic effects
(Weng and Delmon, 1992; Delmon, 1993). The main aspects
of this cooperation, namely increased selectivity, activity, and
resistance to aging, can be explained by the remote control
mechanism (Delmon and Matralis, 1991).

Classic explanations concerning cooperation or synergy be-
tween components in heterogeneous catalysts are (1) forma-
tion of new compounds by solid-state reaction, (2) mutual
contamination by surface migration of components of one
phase onto the surface of the other, and (3) bifunctional
catalysis. In bifunctional catalysis, a reactant undergoes a
partial reaction on one phase, desorbs from that phase, and
adsorbs on the second phase where it undergoes the final
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reaction. The remote control mechanism is very different from
this mechanism and brings about strong synergies between
phases. It does not correspond to the solid-state reaction nor
contamination. The reactant undergoes full chemical trans-
formation on one of the two phases (“acceptor”). The key
feature of the remote control is that a surface mobile species
produced on another component of the catalyst (“donor”)
chemically reacts with the surface of the acceptor to trans-
form inactive or nonselective sites to active selective ones
(Weng and Delmon, 1992; Delmon, 1993). In selective cat-
alytic oxidation, some oxides (donors) are indeed able to dis-
sociate molecular oxygen to form a surface mobile species
O,,. This species migrates on the surface of the donor and
“spills over” onto the surface of the acceptor. Acceptors have
the potential to carry active and selective sites, provided some
reaction with the spillover species O, takes place. Once they
are activated, the active sites transform a large number of
molecules until some accident occurs, probably the fact that
a molecule follows a wrong reaction path occurring with a
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Figure 1. Remote-controlled reaction.

low, but not negligible, probability. The site thus becomes
nonselective. (In allylic oxidation, this may be linked to some
overreduction of the site.) The deactivated, nonselective site
can be activated again by O,,. The overall process is repre-
sented in the lower part of Figure 1. It corresponds to a con-
trol of catalytic site through signals (O,,) coming from a (rela-
tively) remote separate phase. The upper part represents the
catalytic cycle, operating as long as the activated sites remain
active,

In accordance with many observations, the model pre-
sented herein describes a given catalyst (or part of it, or, at
an even smaller scale, a given site) as exhibiting two states.
We had predicted that this ability to exist in two states could
lead to oscillatory behavior, namely oscillation between these
two states. A calculation with a simplified model indeed indi-
cated the possibility of obtaining damped oscillations (De-
Imon and Matralis, 1991). Along the same line, this could
constitute good reason for expecting bistability. One could
indeed imagine that, under exactly the same reaction condi-
tions, the same catalyst can exhibit two different activity pat-
terns according to its previous history. In the frame of our
model, a catalyst in the nonselective state consumes more
oxygen, because it completely degrades hydrocarbons to CO,
and H,O. Less oxygen thus remains in the gas phase, less O
is produced, and thus fewer selective catalytic sites are
formed; this leads to a stable nonsclective state. Conversely,
even with an identical supply of oxygen to the reactor, a cata-
lyst in the selective state leaves more unreacted oxygen in the
gas phase and thus permits the continuous formation or re-
generation of selective sites. Although not formally demon-
strated, the existence of bistabilities is strongly suggested by
unexplained episodes during catalytic tests, where catalysts,
after having worked efficiently, suddenly lose selectivity; the
opposite may also occur. This phenomenon has often been
observed by industrial scientists, typically in the case of the
oxidation of butane to maleic anhydride, and also in the oxi-
dation of toluene to benzaldehyde, as confirmed by the expe-
rience of Delmon (1969).

The present article demonstrates theoretically that reac-
tions in which a remote control occurs exhibit bistability in
certain reactor conditions. To our knowledge, the remote
control is, among the various explanations of synergy be-
tween catalyst components (especially bifunctional catalysts),
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the only one potentially leading to bistability in isothermal
conditions. The model is the most advanced one presented
until now. It is completely rigorous. The kinetics of all the
steps postulated by the remote control are included in the
model; these steps have been considered at the exclusion of
any other elementary process. It should be underlined that
the calculations assume that no thermal effects occur. The
origin of the bistability is thus completely different from the
well-known effect of temperature runoff observed in oxida-
tion reactions, which can also lead to some sort of bistability
and even nonisothermal oscillations. It is also different from
those detected in CO oxidation or similar reactions, where
one single metal surface is involved and unusual adsorption
equations and special kinetics of reactions between adsorbed
species are the origin of the phenomena.

The results stem from a comprehensive mathematical
model involving both the dynamics of the remote control loop
(lower part of Figure 1) and the kinetics of the catalytic reac-
tion (upper part of Figure 1). The starting point was a much
simpler model, based on pseudo-steady-state equations de-
veloped previously (Melo Faus et al., 1991). The model was
aimed at accounting for the changes of activity observed in
an oxygen-aided reaction, namely the dehydration of N-
ethyl-formamide to propionitrile on two-phase Sb,0,-MoO,
mixtures (Melo Faus et al., 1991; Zhou et al, 1991a,b). This
model gave with a high accuracy (+5%) the yields in nitrile
on 21 Sb,0,—-MoO, mixtures of different composition, for
oxygen pressures ranging from 0.3 to 45 torr and three differ-
ent temperatures (350, 370 and 390°C). The essential differ-
ences in the present model are that (1) as in all oxidation
processes, two reactions can take place, namely a selective
and a nonselective one; and (2) the differential equations
corresponding to the flow of spillover oxygen assuring the re-
mote control, as well as those describing the rates of reaction
and the dynamics in the flow reactor, are taken into account.
The reactor (Figure 2) is a continuously stirred tank. We can
thus represent non-steady-state (or transient) phenomena as
well as steady-state processes. The model permits a study of
the influence of the kinetic constants on which the catalyst
and reaction depend (internal parameters):

e Detailed kinetics of the remote control loop, in particu-
lar the response time of the remote control process

e Rclative rates of the selective and nonselective reaction

e Orders of these reactions with respect to the reactant
and to oxygen

e Activation energies.
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Figure 2. Stirred tank reactor as assumed in the model.
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The external parameters are the fluxes of hydrocarbon re-
actant and oxygen into the flow reactor and the composition
of the catalyst mixture.

We have not explicitly investigated the influence of the ac-
tivation energy or the influence of temperature: both can be
deduced from variations of the individual rate constants. We
shall describe the model in detail in the following section.

Oxygen flux (or partial pressure) is the crucial parameter.
Most figures summarizing the results will thus concern the
influence of this parameter. A typical case will show how the
various characteristic quantities (variables of the model sys-
tem) in a given reaction vary as a function of the flux. The
other illustrations will focus on the domains where a bistabil-
ity exists. They will summarize the trends observed with
change in external (such as hydrocarbon reactant, partial
pressure, catalyst composition) or internal parameters (as
mentioned earlier).

Basis of the Mathematical Model

The model is based on the general reaction scheme valid
for all selective oxidation reactions, namely a competition be-
tween a selective path and a nonselective one, leading to H,O
and CO, (sometimes some CO). A typical allylic reaction,
namely the oxidation of propene to acrolein, gives an excel-
lent picture of the phenomena:

selective
+0, - CH,=CH-CHO+H,0

+4.50,—-3C0O,+3H,0
nonselective

CH, = CH-CH,

In order to model the activity and selectivity of a reaction
when a remote control operates, it is necessary and sufficient
to break down the overall phenomena into five elementary
steps (Egs. 1a to le). Two additional expressions represent
the catalytic reaction of the selective and nonselective sites:

0,+2D—->20D (production of O) (1la)
0,+2D <« 20D (recombination of O,) (1b)
OD s OA  (transfer between donor and acceptor) (lc)
OA+B—S (reaction of O, with nonselective site) (1d)
M+S - M’'+B (deactivation site during a deactivating
side reaction of reactant M) (le)
M)+(0,)+S—>S+
selective oxidation product (selective catalytic reaction) (1f)
(M)} +(0,)+B - B+(CO,) +(H,0)
(nonselective catalytic reaction) (1g)

Equations la and 1b describe the dissociative adsorption
of molecular oxygen from the gas phase onto the donor and
the corresponding reverse reaction (D is an unoccupied site,
OD spillover oxygen on the donor). The transfer of spillover

oxygen between donor and acceptor is represented in Eq. 1c.
Spillover oxygen OA is a mobile species present on the ac-
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ceptor surface that is not associated with a particular surface
site. Equation 1d reflects the reaction of spillover oxygen with
a nonselective acceptor site B, transforming that site to one
that is selective (§) for the reaction with the reactant molccule
M. Equation le illustrates a reaction “gone wrong,” that is,
when a site has become nonselective, yielding, in general, an
altered reactant molecule M'. Finally Egs. 1f and 1g summa-
rize the overall reaction of reactant M with oxygen in the
selective and nonselective case, respectively. For the present
model it is not necessary to describe in detail the intermedi-
ate reaction steps involved in these two reactions. We there-
fore do not assume at this stage any specific stoichiometry for
the reactions represented by these equations. In the overall
selective reaction Eq. 1f, Ny molecules of oxygen are con-
sumed for every molecule of reactant M, while Ny are con-
sumed in the nonselective reaction (Eq. 1g).

The mathematical description of the remote control pro-
cess itself (Egs. 1a to 1e) consists of a system of five ordinary
differential equations, each of which relates the time deriva-
tive of a system variable to the sum of several rate terms that
affect the increase or decrease of that system variable. The
seven rate terms are a direct counterpart of the chemical
equations described earlier. To facilitate an overview of the
equations these terms are summarized below.

Rate Term Description Unit

R,=k,po(1—6,)*(1-r)a, Dissociation /s (2a)
R; =k;05(1—r)oy, Recombination 1/s  (2b)
R, = k6, — 6,)Qro(1—r)op Transfer /s (20
R, =k,a(l1- a)g,ro, Activation /s Qd)
R, =k, ap;aray Deactivation 15 Qe
Rg=kgaaro,p/'p3? Selective reaction torr/s (2f)

Nonselective
(burn) reaction

Rg=kga(l— a)ra,pfpJ! torr/s (2g)

The five system variables are partial pressures of the hy-
drocarbon reactant p, and oxygen p, in the reactor (namely
also at the outlet), the spillover oxygen coverage on donor
and acceptor 8, and 6,, and the fraction of active sites on
the acceptor surface «. The constants that were not changed
in the calculations include the specific surface area of donor
and acceptor, o, and g, the contact quality of donor parti-
cles with acceptor particles in the catalyst mixture, which
controls the transfer of spillover oxygen, (O, and the maxi-
mum density a of active sites on the surface of the acceptor
phase; r is the catalyst composition, expressed as the mass
ratio of acceptor to donor components of catalyst. Integers
m; describe the reaction order with respect to hydrocarbon
reactant and oxygen for both types of reactions. The system
of ordinary differential equations may then be written as fol-
lows (a dot over a symbol indicates the time derivative):

6,=R,— R; — R, (3a)

6,=R,— R, (3b)

@=R,—R; (3c)
pr=F/V(p;—p)— Rs~ Ry 3d)
Po,=F/V(po,— Po,) — NsRs— NyRy (3e)
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Calculation Methods

For the discussion of the phenomenon of bistability, we
will define some terms. For the sake of clarity, only the varia-
tion of the feed oxygen partial pressure p,, with constant
hydrocarbon reactant pressure in the feed p, and catalyst
composition r will be considered in the following; we also
exclude the more complex behavior associated with oscilla-
tions. The boundaries between the regions of monostability
and bistability are then defined as follows. The reactor as a
whole can exist in exactly two steady states, namely selective
S or nonselective B (for burn). During the slow increase of
the oxygen pressure, state B may become unstable and the
system perform a rapid transition to the selective state S. The
point {(oxygen pressure) at which this occurs is termed
75(Ps,r). Conversely, a slow decrease of the oxygen partial
pressure may lead to a loss of stability for the state § at
7¢(py,r) where the system rapidly returns to the nonselective
state B. Three regions are then determined by the corre-
sponding ranges of po, as follows: For po, < 75(p;,r) there
is one and only one stable steady state with low selectivity
(monostable region B). Likewise, for p,, = 7,4(p,,r) only the
steady state with high selectivity (monostable region §) exists.
Since in general 75 > 7, there is a third intermediate region
of finite width A =75~ ¢ in which two stable states with
widely differing selectivity may be attained (bistability region).
A thus refers to the width of the hysteresis.

The precision of the positions in the phase space of the
hysteresis transitions were calculated directly from the plots
of the data produced during the parameter ramping. To pro-
duce these plots, a control parameter (typically the oxygen or
hydrocarbon reactant partial pressure) is written as a func-
tion of time such that the parameter performs one cycle of a
sawtooth wave (increases linearly from a low to a high value
and back again to the low value) in a given amount of time
T,. Before ramping the parameter, the system of differential
equations is integrated outside the bistable region at the
starting value of the parameter and thus allowed to settle to
a steady-state situation. Although it is clear from the calcula-
tions that the hysteresis is not a purely kinetic phenomenon,
the position of the transitions 75 and 7 does, however, de-
pend on the length of the time interval 7, used in the ramp-
ing integration: in principle a very long time is needed so
that, at every value of the parameter, the system is arbitrarily
close to the steady state. In practice, however, the numerical
method used in this simulation (Wolfram Research, Inc.,
1993) does not allow an arbitrarily small stepsize, hence the
integration time is limited to reasonable values. In the corre-
sponding figures presented hereafter, transitions at higher
pressures could not be calculated accurately because of ex-
cessively long scanning times. Due to this limitation, the fig-
ures representing the hysteresis transitions in the control pa-
rameter space actually reflect an artefact of the calculations.
This artefact comes from the increasing time necessary to ap-
proach the steady state. This has, as a consequence, an artifi-
cial broadening of the hysteresis region. This effect is more
pronounced at higher reactant pressures.

The steps involved in the calculations are shown in Figure
3, which shows the procedure used to generate Figures 4 to 6
as well as the transition points in Figures 7 to 9. Initial values
of the system variables are coverages set to zero and partial
pressures set to the corresponding inlet values.
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Bistability Calculation Subroutine Integrate system:

Define system of differential I Integrate system as initial value

equations problem with Mathematica
function NDSolve(}
Set constants and internal & -
and external parameters Integration stops when 6 digit
1 accuracy or precision is met
Choase parameter to ramp .
Pramp Subroutine Ramp:
1 Define p,,,, as one cycle of

sawtooth wave betweenp,_ .,

yste P in T, seconds
inital values

l Set system variables 1o I

l

I Integrate system for T, Subroutine:

{

Set parameter that varies
from plot to plot

seconds ——— | Integrate
system

d

Integrate system until
steady state is found 4

Subroutne:
Integrate
system

1

Set systern variables to
steady—state values

l

Ramp p,,, between
Py adp

Subroutine:
. Ramp

{

Plot results I

Figure 3. Steps taken for the calculations of Figures 4
to 6.
Results

There are potentially several kinetic models based on the
mechanism (Figure 1), the difference coming from the values

2 L

a 20 L0 60 8¢ 100 a 20 L0 60 80 100
B B,
02 02
Figure 4. Typical results of a parameter ramping simu-
lation: monostable and bistable regions.
Oxygen feed pressure was slowly varied between 0.01 and
100 torr in one complete ramping cycle taking 10° s. (a)
through (e) show the behavior of the model variables, and
(f) depicts the relative selectivity p of the reactor during the

cycle. Except for (b), the hysteresis loops run counterclock-
wise. (For parameter values see Table 2.)
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Figure 5. Simulations using oxygen feed pressure as
the ramping parameter with several values of
the reactant feed pressure.

The dependence of the hysteresis width and position on the
reactant pressure is visible as a shift to lower oxygen pres-
sures with a corresponding contraction of the bistability re-
gion. The hysteresis direction is counterclockwise in all cases.
(For parameter values see Table 2.) For curves 1 to 5, hy-
drocarbon feed pressure py is, respectively, 2, 5, 10, 20, and
100.
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Figure 6. Simulations using oxygen feed pressure as
the ramping parameter with several values of
the catalyst composition r.

r=20.1,0.2, 03,04, 0.5, 0.6, 0.7, 0.8, 0.9, 0.99. For parame-
ter values see Table 2.
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Figure 7. Bistability phenomena obtained by ramping
the feed oxygen pressure at different feed re-
actant pressures.

Transitions at high oxygen pressures are indicated by dashed
lines because calculations become increasingly inaccurate
here. (For parameter values see Table 2.) r = 0.5.

assumed for reaction orders. For the model presented here,
we selected the simplest hypothesis for the remote control
loop (lower part of Figure 1). With respect to the catalytic
loop, the nonselective reaction uses more oxygen (to form
CO, and H,0) than the selective reaction. This leads to the
formation of nonselective sites for low pg.

The following model constitutes one of the simplest cases
leading to bistability, namely that corresponding to the fol-
lowing values m,; =1, m, =1, my;=2, m,=1. A model with
m;=1,m,=2, my;=2, m,=1 also gave bistability regions.

The values of the parameters used for obtaining the results
presented in the following figures are presented in Table 1.
Model parameters used in the figures are presented in Table
2.

Figure 4 shows the variation of the main variables with
change in oxygen pressure at the reactor inlet. Figures 4b
and 4d give the ratios outlet/inlet for the hydrocarbon reac-
tant and oxygen, respectively. Most striking is the change of
selectivity (Figure 4f) with a wide region of inlet oxygen
pressure where the reactor can be either very selective or
nonselective. The corresponding variations of spillover oxy-

T T T T T T T T T

100f Hysteresis transitions
- T, -o- T

Figure 8. Transition points 5 (point at which nonselec-
tive state becomes unstable) and 7, (point at
which selective state becomes unstable) for
different compositions of the catalyst (r) as a
function of inlet oxygen pressure po, .

For parameter values see Table 2.
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Figure 9. Transition points 75 (point at which nonselec-
tive state becomes unstable) and 75 (point at
which selective state becomes unstable) for
different compositions of the catalyst (r) as a
function of inlet hydrocarbon reactant pres-
sure p;.

For parameter values see Table 2.

gen coverage on donor and acceptor are given in Figures 4a
and 4c, respectively. The shape of Figure 4e (fraction a of
potential sites in the selective state) is not identical to that of
Figure 4f (selectivity) because the catalytic activity is equal to
the number of active sites multiplied by the rate constant (as-
sumed to be different for the S and B reactions), and the
orders with respect to oxygen are different. The more abrupt
rise of selectivity, compared to «, is mainly due to the order
of the selective reaction with respect to oxygen (m, = 2).

An overall view of the variations in the shape of the hys-
teresis loops are given in Figures 5 and 6; the variable param-
eter is hydrocarbon reactant inlet pressure p, and catalyst
composition r, respectively.

Figure 7 gives the inlet values (p;,po,) for which transi-
tions between the two bistable states are observed, for r = 0.5.
The transition points forming the boundaries of the bistable
region show a dependence on the oxygen pressure similar to
that obtained in a mathematical model for CO oxidation as-
suming a Langmuir-Hinshelwood mechanism. The variation
of these transition values as a function of r and pg,, and r

T [kam « 0.1684 T T
R - e S s i
o
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_E .............. ) .|
© y
< i\
0 ; i
o
5 |
®
> .

)
I 1 1 1
40 60 80 100 120 140 160 180 200

Transition 7, / Torr

(@

Table 1. Values of Model Parameters and Constants Used in
the Calculations

External Reactor Parameters

Symbol  Value Units Numerical Constants
F 10 L/s m, 1
P (varies)  torr m, 1
Po, (varies) torr my 2
1% 1 L m, 1
Ng 6
Ng 1
Internal Reactor Parameters Rate Constants
Symbol  Value Units  Symbol Value  Units
a 1 1/em?  k, 9,420 g/
Q 1 — k; 0.07 g/torr-s
r (varies) — k, 3.162  gftorr-cm’:s
ey 1 emie kg 0.032 gfem?-s
ap 1 cm?/g  kp 1 [g/torr™s*ma.s]
ky 1 [g/torr™:* ™25}
k, 5 grem®s

Table 2. Model Parameters Used in the Figures

Oxygen Catalyst
Fig. Inlet p5, Reactant Inlet p, Composition r

3 Ramped 40torr 0.5

4  Ramped 2,5,10,14,20,40torr 0.5

5 Ramped 20 torr 0.1,0.2, ..., 0.9, 0.965
6 Ramped 2,5, 10, 14, 20,40 torr 0.5

7 Ramped 20 torr 0.1,0.2, ...,0.9,0.965
8 10 torr Ramped 0.03,0.1,0.2, ...,09
9 Ramped 40torr 0.5

and p;, are given in Figures 8 and 9, respectively. Bistabili-
ties can occur in a wide range of catalyst composition r.
Figure 10 suggests the way the hysteresis width A, defined
as the reactant or oxygen pressure difference between transi-
tion points, changes when various kinetic parameters change.

Discussion

The comprehensive model presented here shows that reac-

70 —T , ' | | |
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Transition 1, / Torr

(b)

Figure 10. Changes of bistability phenomena found by varying important rate constants.

(a) and (b) correspond to different scales. Variations are started from the values summarized in Table 2. Note the sensitive dependence of
the width of the bistable region on the rate constant k¢, which controls the sclective reaction rate.
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tions corresponding to a remote control mechanism can
exhibit bistabilities. This confirms the earlier prediction of
Delmon and Matralis (1991). It should be underlined that
such a phenomenon is found in a model for isothermal condi-
tions. The conclusion is that bistabilities in catalytic oxidation
can occur without exhibiting any different thermal regimes,
contrary to what has been generally accepted until now. As,
in practice, catalytic oxidations are never perfectly isother-
mal, the question is left open whether a cooperation between
both causes of bistability, namely nonisothermicity and re-
mote control, could have significant consequences.

This article outlines the case where such isothermal bista-
bilities could occur. The question arises of the real catalytic
reactions that could be candidates for the occurrence of such
bistabilities. Contrary to hydrodesulfurization and hydro-
treating on sulfide catalysts, no attempt has been made yet to
determine the exact kinetics of remote-controlled oxidation
reactions. The reaction order with respect to oxygen is not
precisely known, as the overall apparent order determined
until now includes the remote control effect (thus leading to
noninteger apparent order). It is therefore difficult to predict
the specific selective oxidation reaction where such bistabili-
ties could occur. The low overall value of the oxygen order in
remote-controlled allylic oxidation (Weng and Delmon, 1992)
makes them unlikely candidates. The selective oxidation of
butane to maleic anhydride consumes three oxygen molecules
per butane molecule and seems very sensitive to oxygen pres-
sure. It therefore seems to be a more reasonable candidate.
As indicated in the introduction, it is precisely in this reac-
tion that spectacular catastrophic losses of selectivity have
been observed both in the laboratory and in industry.

Another question is whether a special kinetic behavior
due to the bistability phenomena described here could be
observed in other situations. It is known in the field of het-
erogeneous catalysis kinetics that phenomena, in particular
material balance, must be considered at all scales (reactor,
pellet, pore, nanometer surface area). In a sense, the contin-
uously stirred tank flow reactor constitutes a basic model for
reactor kinetics at the scale of a pore or of a nanometer scale
surface area. One can thus reason that phenomena at large
scales (reactions in pellets, in reactors) can be considered as
the addition of numerous elementary “continuously stirred
tank flow reactors” (cell models). If so, remote control could
give rise to local instabilities, and even, possibly, to a chaotic
behavior of different parts, due to inhomogeneity in catalyst
composition, or to fluctuations in composition of the fluid
phase, which produce stability transitions at different times.

In exploring variants of the model, we come to the conclu-
sion that, in principle, the remote control could bring about
sustained oscillations. However, the reaction orders and the
values of the elementary rate constants that should be as-
sumed for obtaining such an effect seem unrealistic, and the
experimental field in which they should occur is extremely
narrow. At the present stage of our work, it thus seems rather
unlikely that oscillations could occur in reactions correspond-
ing to models similar to the present one. This conclusion is
valid for a perfectly homogeneous distribution of reactants
and catalyst components, but may not be true if composition
gradients are present or occur.
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Notation

A =unoccupied site on acceptor catalyst
F =gas flow rate through reactor, L/s
k, =rate constant for activation of deactivated sites on the acceptor
phase g/s
k, =rate constant for deactivation of sites active for the selective
reaction on the acceptor phase, g/torr-s
kg =rate constant for nonselective reaction of reactant M with oxy-
gen at unoccupied acceptor sites B, g/torr™3*™4.g
k,;=rate constant for dissociative adsorbtion of oxygen onto the
donor catalyst surface, g/torr-cm?-s
k ; =rate constant for recombination of adsorbed oxygen and de-
sorption to the gas phase, g/cm?-s
k¢ =rate constant for selective reaction of reactant M with oxygen
at unoccupied acceptor sites S, g/torr”™1 725
k, =rate constant for transfer of surface mobile oxygen between
donor and acceptor catalyst, g>/cm*s
0A =spillover oxygen on acceptor surface
R, =activation rate, LA
R =deactivation rate, L/5
Ry =nonselective reaction rate, torr/s
R, =dissociation rate of molecular oxygen to surface mobile oxygen,
L
R; =recombination rate of adsorbed oxygen to molecular oxygen,
L/s
R =selective reaction rate, torr/s
R, =transfer rate of surface mobile oxygen betweeen donor and ac-
ceptor catalyst, L/5
V =volume of reactor, L
p =relative selectivity of the reactor = Rg/(Rg + Rp)
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