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A mathematical model is presented to describe the aging of the Mars—van Krevelen redox
catalysts in a situation of practical interest. It is shown that the aging Kinetic parameters can be
obtained from a minimum amount of initial life data. A theoretical upper limit on catalyst lifetime is
derived in terms of the kinetic and operation parameters, which for practical purposes can be used
as an a priori estimate of catalyst lifetime. Also, the model suggests means of extending catalyst
life. Finally, model predictions are shown to compare favorably with published data. It is hoped
that the model will serve as a tool for data correlation as well as for prediction of catalyst service
life from short-term experiments such as accelerated aging.

INTRODUCTION

The kinetic treatment of the redox cycle
mechanism for hydrocarbon selective oxi-
dations on metal oxides appears to date
from the work of Mars and van Krevelen in
1954 (I). In this mechanism, the reactant
hydrocarbon is oxidized with the lattice ox-
ygen on sites of high oxidation state to yield
the reaction product and simultaneously
those sites are reduced to a lower oxidation
state. The resulting lower oxidation state
sites are then reoxidized with the reactant
oxygen to replenish the consumed higher
oxidation state sites. These two steps can
be repeated indefinitely under proper con-
ditions. Based on this mechanism, Mars
and van Krevelen deduced the kinetics of
this redox cycle as follows:

Let 6y and 6, be the fractions of active
phases in high and low oxidation states, re-
spectively, then it is assumed that the rates
of reduction r..q and reoxidation rr..x are of
the form

Fred = KICmOH (1)
Freox = K2C0n0L (2)
! Paper presented at the 1982 American Institute of

Chemical Engineers annual meeting, Los Angeles,
Calif., November 14-19, 1982.
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where C and Cy are concentrations of hy-
drocarbon and oxygen, respectively, and
K, and K, are Arrhenius type rate con-
stants, i.e.,

Kl = Ale—E]/RT (3)
K, = Aye E2RT, 4)

Suppose further that 4 is the number of ox-
ygen molecules required to oxidize one
molecule of hydrocarbon, then at steady
state (rreox = areq) and with no deactivation
(6 + 6. = 1 at all times) we have

K, Cy”

T Ty o

Substituting Eq. (5) into Eq. (1), the rate of
hydrocarbon oxidation r takes the form

K,cm

——“—‘——1 N K. O™ (6)
KCo"

y =

Data obtained from kinetic (both transient
and steady state) and isotope labeling ex-
periments have demonstrated that the
above mechanism and kinetics indeed pre-
vail in a variety of hydrocarbon selective
oxidations on metal oxide catalysts (2-5).

This study was motivated by the observa-
tion that commercial metal oxide catalysts
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often become totally deactivated with con-
tinued use over periods of years. Life stud-
ies of such catalyst systems not only are
expensive but have remained a totally em-
pirical art. Accordingly, there is a need for
a mathematical model which can serve as a
guide for data correlation and when com-
bined with suitable short-term experiments,
such as accelerated aging, may predict the
service life of the catalyst. In view of this,
the purposes of the present study are (1) to
introduce a catalyst aging model for the
Mars-van Krevelen redox catalysts, and
(2) to illustrate the use of the model by ana-
lyzing the aging behavior of a redox cata-
lyst in a fixed-bed plug-flow reactor oper-
ated at a constant exit conversion through
temperature adjustment. Such a constant-
conversion-rising-temperature practice is
quite common in commercial oxidation pro-
cesses.

THE MODEL

Catalyst deactivation experienced in pe-
troleum processes is mostly caused by the
deposition of foreign materials (e.g., coke
or metals). This mechanism at best is of
secondary importance in selective oxida-
tion reactions. A Mars—-van Krevelen redox
catalyst may lose its activity because dur-
ing the redox cycle either the low oxidation
state phase 6 or the high oxidation state
phase 8y may be converted slowly to a cata-
lytically inactive phase 6; through deeper
reduction, structure change, or volatiliza-
tion of a particular catalyst constituent.
(This deactivation process is often accom-
panied by a color change.) Without loss of
generality, in the following development we
consider only the case in which the 6,
phase becomes converted irreversibly to
the inactive 6; phase. Schematically, this
can be represented by Fig. 1. For simplicity
the rate of deactivation rp, is assumed to be

rp = K;Co = A3€_E3/RTC0L. 7

We note that for most situations of practical
interest K3 < K, K, and E; > E;, E,.
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FiG. 1. Aging model for the Mars—van Krevelen re-
dox catalyst.

CATALYST LIFE AT CONSTANT
CONVERSION

To illustrate the use of the above model,
we consider a fixed-bed plug-flow catalytic
reactor at temperature T with a linear ve-
locity V and a holding time on the order of
K,~!. The concentration of oxygen in the
reactor can be expressed in terms of that of
hydrocarbon, i.e., Co = pC; — a(C; — )
where p is the oxygen-to-hydrocarbon ratio
in the feed and Ct the inlet concentration of
hydrocarbon. A mass balance for C, 6y,
and 6 at any point z, 0 < z = [, of the
reactor and at an instant ¢ can be written as

aC aC
3;‘ +V :3.2—
= —K,;sCmye~EVRUT-VT] (g)
a0
o(l — S)Pc"é?H'
= —aK ;sC"0ye |EVRUIT-1Tg)]
+ Kys(b + aC)'f e (E/RUT-UTS]  (9)
a0
o(l — &)p, 6_I‘L

= —Kys(b + aC)"f e~ EXRUT-VTg)]
+ aK sCmye[EVRUT-UTg)

— KasCOpe~[ERUT-1T9)  (10)

where Ts is the start-of-run temperature, &
the reactor void fraction, p, the catalyst ap-
parent density, o the weight fraction of ac-
tive materials in the catalyst, b = (p — a)C;,
and

Kis = Ae E/RTs i=1,2,3. (D
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Accordingly, the catalyst activity at any in-
stant of time within the reactor is given by
the solution of the above equations. How-
ever, finding the solution is less appealing
in terms of return on effort expended be-
cause our primary concern is the long-term
behavior of the catalyst. So instead in the
analysis to follow we seek an asymptotic
solution for large times. This is based on
the following physical reasoning: Since the
activity decline under consideration can
only be measured in a time frame character-
ized by Kis~!', which is significantly larger
than the time scales of the redox reaction
and flow, it can be visualized that 8y and 6,
would quickly reach a steady state dictated
by the Mars—van Krevelen Kinetics at the
start of a life experiment. Subsequently, 6y
and 6., while preserving the redox cyclic
structure, will diminish concurrently as
time passes. In other words, the reactor is
operating at a quasi-steady state (K3s/Kjs <
1) and consequently Egs. (8) through (10)
for large times can be asymptotically re-
duced to

aC
Vo = —KisCrouen® 9 (12)
aKlscmOHey]qS/(Hdn
= Kzs(b + aC)"GLeVZ"”“*“’) (13)
d
ol = 2)pe 3 (B + 60)
= —K3sCOLevss1+6) (14

where y; = E/RTswithi=1,2,3and ¢ is a
dimensionless temperature defined as

T
¢ = T 1. (15)
It is clear that using the above quasi-steady-
state approximation, we are able to simplify
the original equations by decoupling the re-
dox and aging processes.

As pointed out earlier, it is of practical
interest to inquire about the life behavior of
an aging catalyst operated at a constant exit
conversion by raising temperature. It fol-
lows from Eq. (12) that the conversion of
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hydrocarbon at the reactor exit can be
made independent of onstream time if the
reactor temperature is raised continuously
to satisfy

d
= (8179 = . (16)

That is to say

Buen®1+9 = ,,(0). (17)

To complete the problem statement, we
need to specify the “‘initial”’ condition—
that is, the state of the catalyst at the start
of a life experiment. In light of the preced-
ing reasoning, it is appropriate to assign the
following initial conditions:

I

O =17 (18)
r=0

6, = — 19

L™+ ¢ (19)

where ¢ is a redox parameter defined as

akK,sCs™
Kzs(b + aCs)"

o (20)
with Cs being the concentration of hydro-
carbon at the reactor exit. Combining Eqgs.
(17) and (18) gives the relation between re-
actor temperature and catalyst activity

P19 = [ 21

1 :Il/yl.
(1 + o)y
Substituting Eq. (21) into Eq. (13) yields

8. = o(l + o) oy (22)
where

Y2
A== 23
” (23)
which means that in constant-conversion
operation 8, diminishes as 6y raised to the A
power in order to maintain the redox cycle
at a quasi-steady state. Further, substitut-

ing Eq. (21) into Eq. (14) leads to

00, a0y aK;s

T
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where
Y3
==>1 25
k= (25)
___ G
== one 20

Using Eq. (22), one can decouple Eq. (24)
to yield an equation for 8y only, namely

a0
[1 + Ac(l + o) loy* 1] 8—tH

= —aK;s0(l + o #lggr+. (27)

With Eq. (18) as the initial condition, Eq.
(27) is readily integrated to give a closed-
form expression for 6y as an implicit func-
tion of onstream time, that is

Kt = %{1 —[(1 + )8

1

M e T (SRt e 2

(28)

Since the temperature ¢ is readily measure-
able, it is convenient to express the temper-
ature as a function of onstream time. To
this end substituting Eq. (21) into Eq. (28),
we obtain

A
aKsst = p {1 — exp[—yud/(1 + )]}

+ 1 1
o=+ expl-yiu

- A+ D/ + P 29

Since in practice the constant-conversion
run ends at the maximum operable temper-
ature Tp,, usually the temperature at
which the target conversion can no longer
be obtained, we may define catalyst lifetime
L as the time span between the start and the
end of the run. From Eq. (29) L can be
readily calculated by

{1 = exp[—yiudn/(1 + $p)]}

1
+ K3SO'(/L — A+ l)a {1 - eXp["’Yl(lL

= A+ Dén/(1 + &)1} (30)

"~ Ksspa
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where

3D

PARAMETER ESTIMATION FROM INITIAL
LIFE DATA

Equation (29) can be used for the simulta-
neous determination of the aging kinetic pa-
rameters K;s and u from a single constant-
conversion life experiment by matching the
predicted and observed temperature rise
profiles. This procedure, however, could be
time consuming and costly even if the life
experiment is conducted at the accelerated
conditions. [A general discussion on accel-
erated aging can be found in (6).] A prob-
lem of practical interest is therefore the es-
timation of the aging Kinetic parameters
from a minimum amount of initial life data.
In what follows we outline such a proce-
dure based on the present model.

Expanding the right-hand side of Eq. (28)
around the initial condition (1 + o)y = 1
and keeping only the first-order term, we
obtain for small ¢ an equation free of

1 1
()\ + 5_‘) [M-qa+ o)yl = Kszst. (32)

P
Substituting Eq. (21) into Eq. (32) gives
I

1

> (A + ;) [1 — e+ = Kior  (33)
so a plot of the left-hand side vs onstream
time will be linear with slope Kis. Analo-
gous to the conventional method of kinetic
analysis, here the activation energy w can
be determined from several constant-con-
version experiments with different 7g’s.

In cases where y,¢ is small (say < 1072),
Eq. (33) can be further simplified and rear-
ranged to

TS aK3s
L] - —
T Yi ()\ + —>
a,

The above equation has the same structure
as that developed (6) for a different deacti-
vating catalyst system in that a linear plot

(34)
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of 1/T vs t gives the value of K3s. The added 1 [)\ + 1 ] (38)
feature here is the inclusion of A and o to Kisalp  ouw—N+1)
account for the redox nature of the catalyst. .
Equation (38) indicates that catalyst life-

"UPPER BOUND ON CATALYST LIFE

In catalyst exploratory work, sometimes
a priori knowledge of Ty is not available.
Under such circumstances, it is often desir-
able to have an upper bound on catalyst life
in terms of the kinetic and operation param-
eters. To this end, we see from Eq. (21) that

e
1+ 0o

¢ — = as Oy — (35
that is, unrealistically large temperatures
are required to maintain constant conver-
sion when 6y diminishes to the limiting
value e /(1 + o). Setting 6y = e /(1 + o)
in Eq. (28), we obtain an upper bound U for
catalyst lifetime

L<U (36)
where

1

U= Kgs(x

{% [0 - e

1

e Ll A

Usually, the two exponential terms in the
above equation are negligibly small, so for
practical purposes U can be calculated by

time depends primarily on the ratios of acti-
vation energies rather than their magnitude.

Further, since Kss is more sensitive to tem-
perature than a, Ts should be chosen as low
as permissibie in order to extend the life of
the catalyst. Moreover, to prolong catalyst
life we need to design a catalyst having a
high reoxidation ability (i.e., Kss > Kis)
and/or operate the catalyst at the highest
permissible oxygen-to-hydrocarbon ratio,
say near the edge of the flammable region.

COMPARISON WITH EXPERIMENT

In Fig. 2 are shown the life data obtained
from an accelerated aging experiment on
the oxidation of methacrolein to methacry-
lic acid at 80% conversion over a multicom-
ponent catalyst (7). The redox phenome-
non of this reaction system has recently
been discussed by Misono (8) and Konishi
et al. (9).

It should be reemphasized that the whole
of the foregoing analysis is based on the
observation that the aging time scale is
much larger than the characteristic time
scale of the redox cycle (quasi-steady-state
approximation). A corollary of this is to
state that the parameters «, A, o, and y;—
for practical purposes—may be determined

340 T T T T
"' predicted
3201 -1
o 55 = 0.615 x 10 hr'
T, °C u = 6.04
300} B
% o
/./
L o—®
Lo ——od’%’
28 L 1 i ]
0 100 200 300

QOnstream Time, Hr

FI1G. 2. Comparison of model prediction and experimental data.
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Fi1G. 3. Depletion history of the redox couple 8, and 6, .

from experiments essentially free of cata-
lyst deactivation. The data in Fig. 2 can
then be used for estimating the only two
adjustable parameters in the model, K35 and
. To estimate them by a least-squares fit of
Eq. (29) to the data, we took « = 1.0, A =
1.1, 0 = 5.5, and y; = 11.42. In addition,
we read from Fig. 2 that Ts = 284°C and
Thax = 330°C.

Before proceeding further, some words
about the least-squares fit are perhaps in
order. Since Eq. (29) is explicit with respect
to onstream time ¢, the deactivation param-
eters may be estimated by choosing them to
minimize the following objective function J
based on time, i.e.,

N
J =2 (t; — £)* = minimum  (39)
j=1

where #; and ¢; are the observed and calcu-
lated onstream times, respectively, and N
is the total number of measurements. This
procedure, while computationally simple,
may give biased parameter values because
time is not the true dependent variable. A
statistically more meaningful procedure
would be to base the objective function on
temperature ¢, that is, the parameters Kig
and u are estimated by minimizing the fol-
lowing objective function Q

N
0= Z‘ (¢; — &;)* = minimum.  (40)

Clearly, in minimizing Q one has to solve
Eq. (29) numerically to obtain ¢ for a given
t. Of course, when the data are of high ac-
curacy, both procedures would give results
in close agreement.

In light of the above discussion, Eq. (40)
was used to estimate Kis and u. The best
set of parameter values so found was

Kis = 0.615 x 1073 hr™!
n = 6.04.

These values were then used to generate
the predicted temperature rise shown as the
solid curve in Fig. 2. As seen, the agree-
ment between the theory and experiment is
satisfactory considering the scatter of the
data. Using Eq. (38), the catalyst lifetime
under the accelerated conditions was esti-
mated to be 346 hr, compared with 344 hr
observed experimentally. If desired, the de-
activation parameters determined from the
above accelerated aging data can be used to
predict the life of the catalyst under normal
operating conditions.

Of course, in catalyst life studies it is
most desirable to be able to determine the
deactivation Kinetic parameters from the
initial life data obtained from accelerated
aging. For example, we may estimate Kig
from Eq. (34) using the datum at hour 48 in
Fig. 2. This yields a K35 value of 0.547 x
1073 hr~!, which gives an estimated catalyst
life of 389 hr—still in reasonably good
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agreement with the experimental value of
344 hr.

Finally, the shape of the temperature rise
deserves some comments. The predicted
temperature rise in Fig. 2 is characterized
by a long slow deactivation period followed
by a rapid acceleration of the deactivation.
Note further that the deactivation over the
long ‘“‘induction’” period (~150 hr) is so
mild that the temperature increase over this
period is within the experimental scatter.
Physically, this induction period may be in-
terpreted as arising from the nucleation of
the inactive #; phase. And the subsequent
rapid deactivation may result from the
growth of that phase. Figure 3 shows the
predicted depletion of the redox couple; it
is seen that the depletion occurs rapidly to-
ward the end of catalyst life.

CONCLUDING REMARKS

A model has been developed to consider
the fact that the Mars—van Krevelen redox
catalysts often deactivate slowly during
use. This is done by incorporating within
the Mars—van Krevelen redox framework
an aging mechanism. The aging process is
described quantitatively using a quasi-
steady-state approximation. A simple ex-
perimental procedure is outlined for the de-
termination of the aging parameters from
initial life data. Also, a theoretical upper
bound for catalyst lifetime is derived in
terms of the kinetic and operation parame-
ters. The model in addition suggests means
of extending catalyst life. A comparison of
the model predictions and published data
suggests that the model may serve as a cor-
relative as well as a predictive tool.

Although in the present study it is as-
sumed that the deactivation follows a first-
order kinetics, modification of the present
analysis to accommodate any deactivation
kinetics (e.g., rp = K3C8.9) of practical in-
terest is straightforward.

NOTATION

Ay Pre-exponential factor for reduction
reaction '
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Pre-exponential factor for reoxida-

tion reaction

As Pre-exponential factor for deactiva-

tion

Stoichiometric coefficient

Defined as (p — a)Cs

Concentration of hydrocarbon

Concentration of oxygen

¢ Inlet concentration of hydrocarbon

s  Exit concentration of hydrocarbon

Deactivation order

E Activation energy for reduction reac-
tion

E,  Activation energy for reoxidation re-
action

E;  Activation energy for deactivation

J Objective function defined by Eq.
(39)

K, Rate constant for reduction reaction

K,  Rate constant for reoxidation reac-
tion

K5,  Rate constant for deactivation

K5 Rate constants evaluated at T5 (i = 1,
2,3)

) Length of reactor

L Catalyst lifetime

m Reaction order defined in Eq. (1)

n Reaction order defined in Eq. (2)

N Total number of measurements

p Ratio of oxygen to hydrocarbon in
the feed

o Objective function defined by Eq.
(40)

R Gas constant

reda Rate of reduction

reox Rate of reoxidation

p Rate of deactivation

T Reactor temperature

Tmax Maximum allowable temperature
Start-of-run temperature
Time-on-stream

Observed onstream time

Upper bound for catalyst lifetime
Linear velocity

Length coordinate in the reactor

Greek Symbols

a Defined as Cs/[w(1 — &)p.]
Vi Defined as E/RTs (i = 1, 2, 3)
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Ou Fraction of high oxidation state

sTEa >

© -

phase

Fraction of low oxidation state phase
Fraction of inactive phase

Defined as E/E,

Defined in Eq. (20)

Defined as Ey/E,

Dimensionless temperature defined
as (T/'Ts) — 1

Observed dimensionless temperature

= Dimensionless maximum tempera-

ture defined as (T, /7Ts) — 1

Pe Catalyst apparent density

Reactor void fraction
Weight fraction of active materials in
the catalyst
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