Nuy, = liquid-to-parti selt number for spherical par-
ticles, defined 11

R = global rate of 1, kmol/(kg)(s)

p = radius of sphe alyst marticle, m

Vi Vmn = parameters de 7 Eqgs. 8and 9

x,Y,% = rectangular cc es, m

X,Y,Z = dimensionless sular coordinates

Greek Letters

Om = constant defined by Eq. 7

€ = porosity of particles

Am,An = constants defined by Egs. 5 and 6

Mo = overall effectiveness factor calculated by the cubical
model, Eq. 2 and similar expressions

Tom = gverall effectiveness factor calculated from Eq. 14

Nos = gverall effectiveness factor calculated by the
weighting-factor model (Eq. 10}

L = conventional effectiveness factor based upon ¢, and

given by Eq. 13 for a spherical catalyst particle

Pp = density of particle, kg/m3

¢ = Thiele modulus for cubical particle

Os = Thiele modulus for spherical particle, defined by Eq.
12

&, = modified Thiele modulus for spherical particle, de-

fined by Eq. 12a
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Two-Step Catalytic Reactions: Pitfalls in the Prediction of Transient

Behavior by Global Kinetics

INTRODUCTION

In heterogeneous catalysis chemical reactions occur through a
sequence of elementary steps which involve highly reactive in-
termediates called active centers. The complete description of
every single step of the sequence usually leads to rather complicated
rate expressions. The most important general technique applied
to simplify such expressions is the steady-state approximation of
the active sites, which allows to formulate a global rate expression.
Moreover, other approximations such as the rate-determining step

and the most abundant surface intermediate (which replaces the -

first one when the elementary reactions of the sequence are irre-
versible) can be introduced to further simplify the global rate ex-
pression by decreasing the number of the involved adjustable pa-
rameters (Boudart, 1968).

The steady-state approximation is obviously correctly applicable
only to the reacting system in stationary conditions, while the
transient requires to describe the entire sequence of elementary
steps. For example, this is done in the interpretation of oscillations
in surface catalyzed reactions (Sheintuch and Schmitz, 1977), and
in the discrimination among rival kinetic models performed ex-
ploiting the superior information content of transient experimental
data (Bennet, 1976).

This paper points out the pitfalls associated with the application
of rate expressions obtained using the steady-state approximation
for the description of the transient behavior of a chemical reactor,
which is of crucial importance to the definition of the reactor

Correspondence concerning this paper should be addressed to 5. Carra.
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steady-state stability character. Some of the parameters which
characterize the dynamic behavior of the reactor do not affect its
steady-state performance. Thus, global rate expressions calibrated
on steady-state experiments do not allow the correct design of
chemical reactors, which includes the definition of their steady-
states stability character.

We will focus here on the redox mechanism which is a quite
common example for two-step reactions (Boudart, 1972; Carra and
Forzatti, 1977). We consider the oxidation of methanol to form-
aldehyde over catalysts of iron molibdate, recently investigated
by Santacesaria et al.(1981):

CH30H + vox — CH20 + H0 + vreq 1)

1
Vred+502—>yox (2)

The reaction rates of the two elementary steps are

fl = leM Vox (3)
fo = keClf*1ea (4)

Recalling that v;.q = 1 — vox and using the active sites steady state
approximation, from Egs. 3 and 4 it follows

Vox = kaClY%/(k1Cu + koCH?) (5)

Substituting Eq. 5 in Eq. 3, the global rate expression of the process
can be derived

f = k1CrkaCY?/(k1Cuy + koCH?) (6)
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The experimental verification of Eq. 6 and the values of the in-
volved kinetic parameters, where for sake of simplicity the in-
hibiting effect of water has been neglected, are reported by San-
tacesaria et al. (1981).

It is worthwhile mentioning also the Langmuir-Hinshelwood
kinetics where, according to the rate determining step approxi-

mation, all the adsorption and desorption processes are assumed .

to be at equilibrium conditions. The transient behavior of a catalyst
particle where a reaction of this type occurs has been studied by
Pereira and Varma (1979) and Elnashaie and Cresswell (1973,
1974). The latter showed that, if the reactant adsorption rate is not
assumed instantaneous, both the particle steady state and its sta-
bility character can be completely different. Thus in this case, the
rate determining step approximation can be verified on the basis
of steady states kinetic experiments.

TRANSIENT MODELS OF A CSTR

With illustrative purposes, let us consider a CSTR where the
methanol oxidation reaction is performed. The following as-
sumptions are introduced in order to simplify the mathematical
treatment:

¢ Mixture density and specific heat are constant with temper-
ature and composition.

e Inter- and intra-particle mass and heat resistances are negli-
gible.

These assumptions lead to a lumped parameter model, and do
not alter the significance of the conclusions of this work.

In the first model the steady state approximations of active sites
is used. Thus, using the global rate expression (6) the approximate
transient material balance in dimensionless form is given by:

Vo =(1-Vo)— % X¢r (7)
Vi =(1—~Vy)—¢r 8
u=(1—u)+ Bor— 6(u~u,) 9)
with IC;: Vo= VI, Viyy = V8 and u = uin at § = 0; where
Vo=Co/C§ VM =Cu/Cl; u=T/T% 0=tQ/V,
¢ =Vef/QCl; x =C%/C% B= (—AH)C'&/PC;:T‘ZIO)

6 =UA/QpCp; @ = f3/f7 = k3C§/*/(k3CH);
Y1=E1/RT% ~v2=Es/RT% g1 =exp{vi(l —1/ul};
gz =explys(l — 1/u)}; r=f/fo=gigVyV¥*1 +
w)/(g1Vm + g2Vi'tw) (11)

and the dot indicates the derivative with respect to 8. In the second
model, both the elementary reaction steps (1) and (2), and their
reaction rates (8) and (4), are taken into account. This is then the
complete model, and it includes also the balance of the oxidized
active sites Voy:

Vo=(1—Vg) — }2'4’10’7(1'2 (12)
Vu=01-Vy)— i1 (13)
t=(1—u)+ ¢18lar; + (1 — a)raw] — (1 —u,) (14)
box = ¢ro(wrg —r1) (15)

with ICs: Vo = VIl Vi = V0 4 = 4in and v, = 2 at 0 = 0; where
the new parameters are defined as follows:

¢1 = Vgft/QCl; 0 =C%/vs a=AH/(AH| + AHy)
(16)

1 =f1/fi=&iVmbos r2=fo/f3=gV¥* (1 —vex) (17)

It is noticeable that the two models are characterized by the same
dimensionless parameters (¢ and ¢, are equivalent, since they

AIChE Journal. (Vol. 30, No. 5)

differ only for the reference reaction rate) with the only exception
of vin, vior and a which appear only in the complete one. The first
two parameters refer to the characterization of the catalyst surface
from the active sites point of view, while the third one indicates
the contribution of the first reaction step (1), to the global heat of
reaction AH = (AH, + AH,).

At steady state, all the time derivatives vanish and from Eq. 15
it follows

7] = Wrg (18)

By inspection of Egs. 14 and 15 it can be readily seen that the two
parameters ¢ and « do not affect the system steady state, which,
as expected, is the same for the two models since ¢17; = ¢r asit can
be shown using Egs. 11 and 17 and evaluating v, from Eq. 18.
However, the transient behavior predicted by the two models is
different, and therefore the stability character of the steady state
can be different. This fact is quite evident since the two parameters
o and «, which do not appear in the approximate model, do ac-
tually affect the solution of the complete model.

From Eq, 15 it follows that as (¢10) — =, (wrg — r;) — 0, since
¥ox must be finite, and therefore the two models give the same re-
sults also with respect to the transient behavior. This fact is physi-
cally reasonable since (¢10) represents the ratio between the moles
of active sites involved in the first reaction (f{V,/Q) and the total
number of available active sites, ,o.. Therefore (¢, 0) — «, means
that the active sites are highly reactive and they must all collaborate
to carry on the reaction, and therefore their concentration closely
approaches steady state conditions. In other words, the storage
capacity of the catalytic surface for intermediate reactants becomes
too small to affect the dynamics.

STABILITY AND TRANSIENT BEHAVIOR

Since the two models are complicated and include a large
number of physicochemical parameters, it is not possible to in-
vestigate all aspects of steady state and dynamic behavior. Instead,
few cases are considered which reveal some interesting differences
between the two models in describing the steady states stability and
the transient behavior of the reactor under examination.

The two models have been solved by means of the Gear (1975)
integration method and using the parameter values reported in
Table 1, which have been calculated according to Santacesaria et
al. (1981). The problem is obviously the evaluation of o and «, that
is of the total active sites concentration 1 and the enthalpy change
associated with reaction 1 (or 2, since their sum is known). These
values have not been reported in the above mentioned paper, and
in general they can not be evaluated from experimental data taken
under steady state conditions, since, as previously noticed, they do
not affect the reactor steady state. However, suitable procedures
can be applied in order to obtain at least an approximate estimation
of such values.

According to Maatman (1976) an upper limit of 1015 sites per
catalyst cm? (i.e., »yor = 2.4-107¢ mol/cm3, ¢ = 0.039) can be esti-
mated assumning that each site occupies 10 A2 on the catalyst sur-
face.

As a first approximation the value of « can be estimated as-
suming that during reaction 2 MoO; is oxidized all the way to

TABLE 1. VALUES OF THE DIMENSIONLESS PARAMETERS USED IN
THE NUMERICAL CALCULATIONS

Adiab. Nonadiab. Adiab. Nonadiab.

B =3.194 4.0596 v =2319 2564
6=00 4.640 ve=1520  16.81

¢ =237-10"4 0.025 U, = — 1.00
¢ =881-104 0.052 *vy, = 0.652 0.4069

x =5.0 3.350 Vi =0.130 6.68 - 102
w = 0.3671 0.925 (s = 2111 1.427

(+) In this case three steady states are p the only high one is reported.
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Figure 1. Largest real part of the eigenvalues, Amax as a function of g, relative
to the high-conversion steady state reported in Table 1.

MoOQs. The enthalpy change of this process is about AHy = —37.6
keal/mol. Since AH = —386.8 kcal/mol, it follows AH; = 0.8
kcal/mol, and then & = —0.022.

Since these values can only be regarded as rough approximations,
in the following we will examine a wide range of values for ¢ and
«, centered on the previously obtained results. With reference to
Table 1, the steady states for the reacting systems have been cal-
culated for two situations: an adiabatic reactor and a reactor with
heat exchange (in particular, this is the one used by Santacesaria
etal., 1981). In both cases three steady states were found, and their
local stability were then analyzed through the first Liapunov
method. Let us focus on the high conversion steady state: its stability
character depends on the values of o and « for the complete model,
while it is always asymptotically stable for the approximate
model.

In Figure 1 the value of the largest real part of the eigenvalues,
obtained through linearization around the high-conversion steady
state, is shown as a function of o, for both the adiabatic and the
non-adiabatic cases. Note that using the approximate model, in-
dependently of the values of ¢ and &, Ayax = —0.54 and —1 for
the two cases, respectively. As expected, from Figure 1 it appears
that for increasing values of ¢,0, the eyax value relative to the
complete model approaches the one given by the approximate
model. However, for small values of ¢,0 the Apax value is positive,
so indicating that the high-conversion steady state is unstable.
Similarly, the effect of the heat of reaction parameter, o has been
investigated in Figure 2. It appears that the value of Apyax can turn
from negative to positive for increasing values of «, with all the
other parameters constant. It is then possible to conclude that the

—==non adiabatic 1
(0=415-10%) /

—— adiabatic U
(0=3.26-10°)

xMAX

-1 I -
-1 0 1 :

et (L
Figure 2. Largest real part of the eigenvalues, Auax as a function of «, relative
to the high-conversion steady state reported in Table 1.
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Figure 3. Trajectories in the (u — Vy ) plane of the CSTR transient behavior

calculated with the complete (—) and the approximate (- --) model (©
stable steady state; A unstable steady staie; @ Initiat condition).

stability character of the steady state depends on the values of ¢
and «, which do not even appear in the approximate model, which
is then inadequate for such analysis.

It is noticeable that in the case of an homogeneous adiabatic
CSTR with three steady states, the high-conversion one can be
proved to be asymptotically stable for all type of rate expressions
(Varma and Aris, 1977). Such conclusion can not be extended to
catalytic reactions, whose global rate expressions are derived
applying the steady state approximation to a sequence of ele-
mentary reaction steps.

Another consequence of the different dynamic behavior de-
scribed by the two models is that, for a given set of initial conditions,
a different steady state can be approached using one model or the
other. Particularly significant is the role played in this case by the
initial condition of the catalytic surface, described by »2. Again,

20F
a =-0.022
0 = 326167
Vi 008
1 sk
10F
1 1

0 05 1

_’VM

Figure 4. Trajectories In the (v — V) plane of the CSTR transient behavior
calculated with the complete (——) and the approximate (- - -) model (©
stable steady state; A unstable steady state; @ initial condition).
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this variable does not appear in the approximate model, while it
largely affects the results of the complete model. This can be seen
from Figures 3 and 4, where the projection of the phase space on
the (u — V) plane is shown for a non-adiabatic and an adiabatic
CSTR, respectively. In it, for a given set of the dimensionless pa-
rameters reported in Table 1 and of the initial conditions VI, Vi
and ", the trajectories obtained using the complete model with
various values of % are shown. The trajectory relative to the ap-
proximate model is represented by the hatched curve. It is apparent
that depending on the value of ¥ with all the other quantities
fixed, the system reaches either the low-conversion steady state (for
large »%) or the high-conversion one (for small »'%). In the particular
case under examination the separation value is about ¥ = 0.07 and
0.62 for the adiabatic and the non-adiabatic CSTR, respectively.
This shows the influence of the catalytic surface pretreatment on
the dynamic behavior of the reactor. This fact has been already
recognized in catalysis, for example in the case of CO oxidation
over platinum (cf, Cutlip, 1979), where a previous exposure to CO
leads to the low steady state whereas a previous exposure to Oy leads
to the high steady state.

CONCLUSIONS

It can then be concluded that the application of the steady state
approximation to a sequence of elementary reaction steps can lead
to serious pitfalls in the definition of the stability character of the
system steady state. In particular, the characteristics of the catalytic
surface (i.e., ¢ and ¥7) and the contribution to the heat of reaction
of the single elementary step (i.e., &), which do not appear in the
approximate model, are instead of crucial importance in the def-
inition of the system transient behavior. Therefore, rate expressions
derived on the basis of experimental steady state data can be used
only to determine the number and values of a catalytic reactor
steady states, but not to inquire on their stability character or on
the start-up policy of the reactor itself. In order to évaluate all the
parameters of the complete model it is then necessary to consider
transient experimental data, since the available procedures for the
estimation of ¢ and « are not fully reliable.

It is worthwhile pointing out that the results reported above refer
to the case where the intrinsic time constants of heat and mass
transport are equal, i.e., Lewis number equal to one. Besides ho-
mogeneous reactors, such values, or even smaller, can be encoun-
tered in heterogeneous systems also (Sheintich and Schmitz,
1977).

NOTATION

A = heat transfer surface area for the reactor

C = concentration

Cp = specific heat

E,E, = activation energy of reactions 1 and 2, respec-
tively

fufof = reaction rate per unit gaseous volume, given by Egs.
3,4and 6

ki,ks = rate constant of reactions 1 and 2, respectively
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Q = volumetric flowrate

R = gas constant

T.T, = temperature of the reacting mixture and the cooling
medium, respectively

t = time

U = overall heat transfer coefficient

Ve = volume of the gaseous reacting mixture

Greek Letters

« = AH,/(AH, + AH),)

AH,,AH5 = heat of reactions 1 and 2

AH = AH 1+ AH 2

AMAX = maximum real part of the eigenvalues relative to the

model linearized around the steady state

Vox,Vred = fraction of active sites in the oxidized and reduced
state, respectively

Viot = total active sites concentration, mol/cm3 of gaseous
phase

p = density of reacting mixture

o = CIIJW/ Vot

Subscripts

in = initial coridition

M = methanol

O = oxygen

0 = feed
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