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Some practical aspects of the constant-conversion rising-temperature policy dealing with cata-
lyst deactivation are discussed. Included are the extraction of deactivation kinetics from observ-
ables, the selection of optimum operating conditions under various process constraints, and the use
of accelerated aging for acquiring information on catalyst life.

INTRODUCTION

In an often quoted paper, Szepe and
Levenspiel (/) proposed a constitutive
equation describing catalyst deactivation
which can be used for mechanistic studies
of catalyst deactivation or be incorporated
into the design equation for reactor sizing.
For a single irreversible mth order reaction,
they introduced the following Arrhenius
type equations relating the main reaction
(r) to deactivation (rp)

r=KCm" a = Apexp{—E/RT)C™a
rp = Kqa" C' = Agexp(—Eg/RT)a"C!

(1)
2

where C is the concentration of reactant
and a the catalyst activity. Based on the
model, they proceeded to solve the optimi-
zation problem of choosing the temperature
policy in a batch reactor for maximum time-
averaged conversion for the case of con-
centration independent deactivation (/ = 0).
The principal result is that so long as deacti-
vation is more sensitive to temperature
than the main reaction, the temperature
should be continuously raised to maintain
Ka at constant. This condition, when ap-
plied to flow reactors, means a policy of
maintaining a constant exit conversion

! Paper presented at the 1982 American Institute of
Chemical Engineers annual meeting, Los Angeles,
California, Nov. 14-19, 1982.
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through temperature adjustment. In the
case of concentration dependent deactiva-
tion, it was shown by other workers that
the policy of maintaining constant Ka,
while no longer optimum in batch reactor
operation (2), can still be an optimum pol-
icy for flow reactors under quasi-steady-
state conditions (3, 4). (The deactivation
time scale is much larger than the charac-
teristic time scales of the main reaction and
flow.) Besides providing optimality, the
constant-conversion policy avoids the diffi-
culty of designing and controlling separa-
tion and recycle units with varying feed
composition. This policy has in fact been
the most commonly used operation mode in
petroleum and chemical process industries.
Accordingly, in practice catalyst life tests
in the bench or pilot stage are commonly
conducted at constant conversion.
Krishnaswamy and Kittrell (5) integrated
Egs. (1) and (2) analytically to obtain the
temperature vs time trajectory in isocon-
versional operation and then used the
results to analyze their pilot plant hydro-
cracking and reforming data. However, the
analytical properties of the constant-con-
version rising-temperature policy have not
been fully exploited. Here we examine the
problem in more detail. Included in the dis-
cussion are the extraction of deactivation
kinetics from observables, the selection of
optimum operating conditions under vari-
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ous process constraints, and the use of ac-
celerated aging for acquiring information on
catalyst life

CONSTANT-CONVERSION
RISING-TEMPERATURE POLICY
In a plug-flow reactor at quasi-steady
state, the conversion x at any time ¢ 1s

m# 1
x(n=1- [1 -1 - mCy!

1
K(t)a(t)]i=m
200 )

m=1
x(t) =1- e—K(t)a(r)/S

@

where S 1s the space velocity and C, the
inlet concentration Suppose that we raise
reactor temperature to maintain constant
conversion, then this should be done in
such a way that Ka remains constant, 1 ¢,

K(9)a(t) = K©0)a(0) = K,,
K, = Ame-E/RT(O) 5

Moreover, the concentration term 1n rp can
be removed from the problem (1e, [ = 0)
without loss of generality because 1t 1s kept
constant Denoting T, as the start-of-run
(SOR) temperature, 7(0), we obtain
T, RT,

0] =1+ —E—-ln a(r)

It can be shown that the progressions of
activity and temperature are

n—q#1
R S
a(t) =[1 + Kgln — g — 1)z] ¢#a7b,

(6)

Y]

Ty, RL,__ 1
() E (n—qg-—-1)
In[1 + Kgo(n — g — D] (8)
n—g=1
a(t) = e Xao!, 9
L _ . _RI
m =1 E Kot (10)

where K;, = Aqexp(—E4/RT,) and g = E4/
E It may be noted that n 1soconversional
operation n — g may be referred to as the
“effective’” order of deactivation ?

ESTIMATION OF DEACTIVATION
PARAMETERS

It should be emphasized that the above
results are based on the assumption that the
time constants for the main reaction and
flow are much smaller than that for deacti-
vation (quasi-steady-state approximation)
A corollary of this 1s to state that the pa-
rameters E, m, and A,,, for practical pur-
poses, may be determined from experi-
ments essentially free of catalyst
deactivation And Eqs (8) and (10) can be
used for the determination of the deactiva-
tion parameters Ky, ¢, and n from life ex-
periments This 1s easily done by choosing
the deactivation parameters to mimimize
the following objective function J, 1 e,

N
T, T\
J= (— - T) = mmmum (11)
27,7

where T, and 7, are the observed and calcu-
lated temperatures, respectively, and N 1s
the total number of measurements For n
— g = 1, the determination of deactivation
parameters 1s even simpler, for the plot of
1/T vs onstream time will be linear with
slope —RK,,/E, thus allowing K, to be ex-
tracted Moreover, if one conducts several
constant-conversion runs with different
SOR temperatures, then E; can be deter-
mined

A few remarks on the practical use of the
above method may be 1in order The con-
stant-conversion rising-temperature policy
can be easily implemented 1n practice be-
cause the deactivation rate we are dealing
with 1s rather slow 1n comparison with the
rates of the main reaction and flow This is
i fact a primary reason why 1n industral
practice this policy 1s so commonly used for
continuous reactors subject to slow deacti-
vation The deactivation kinetic parameters

2 It can be shown that at constant conversion, a(?) 1s
governed by da/dt = —Kj,a"9, a(0) = 1
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determined by the above method may be
used to predict catalyst ifetime (see an ex-
ample in Ref (6)) and optimum operating
conditions Also, as can be seen from the
development, the method can be conven-
1ently used for determining the deactivation
parameters 1n situations involving concen-
tration-dependent deactivation, an advan-
tage over the constant-temperature method

)

PSEUDO-FIRST-ORDER APPROXIMATION

For small times, expanding the logarith-
mic function in Eq (8) into the Taylor se-
ries and keeping only the first term gives

T, RT,

m =1 - FE Kyt
We see that the case where n — g = 1 repre-
sents the asymptote of the general case
where n — g # 1 at small imes (An analogy
iIn this respect may be made with the
pseudo-first order approximation used in
conventional kinetic studies )

Since 1n practice the constant-conversion
nising-temperature run ends at the maxi-
mum allowable temperature (7p,,), usually
the temperature at which the target conver-
ston can no longer be obtained, we may de-
fine catalyst hifetime 6 as the time span be-
tween the start and the end of the run
(EOR) The above development suggests
that with a imited amount of mmitial temper-
ature-time data, 6 may be predicted or esti-
mated For n — g = 1 (first order), 6 can be
predicted by a linear extrapolation of the
mtial 1/T — tdatato 1/Ty,, Ifn— g+ 1, the
same procedure may be used to obtain a
rough estimate of § This 1s illustrated n
Fig 1 as a dotted line with the same values
of the parameters (E, A, Ey, Aqg, and Tp,,)
as Levenspiel and Sadana (8) and in addi-
tion with T, = 760°K, and n — g = —1 3 As
seen, the pseudo-first-order approach gives
an upper bound for 6 because here n — g <
1 In lack of anything better, this approach
may be used for comparative screening of
catalyst lives

(12)

140

t (DAY)

Fic 1 1/T vs time-on-stream at constant conver-
sion

PROPERTIES OF TEMPERATURE RISE

Denoting a; as the activity at Tp,,, a; can
then be calculated as

af = e‘Y(l“B)

(13)

with 8 = T/ Ty and y = E/RT, It 1s con-
ventent to nondimensionalize time with re-
spect to 1/Ky(T.x) Using the overbar to
denote dimensionless quantities, the di-
mensionless catalyst lifetime 8 can be cal-
culated

n—qg#l1
~ 1
- [oYn—g=D(-p) _ (1-p
0 TETER) [e*'"—4 1]evd
(14)
n—qg=1
6 = y(1 — B)ed!~# (15)

with vy = E4/RT, Equations (7)-(10) can
also be rephrased in dimensionless form,
1e,

n—q#1
_ 1
T_B{l_y(n—q—l)
-1
In[1 + (n—q - l)e‘yd(“/”f]} (16)
-1

a=[+n~-q- Dert-dpmai (17)
n—qg=1
) e~vd1-8 -1
T—B[l— - t] (18)
a = exp(—te 7d1-8) (19)
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Fi1G 2 Properties of temperature-rise history at con-
stant conversion

where f = tKy(Tmax) and T = T(0)/ T, It 1s
easy to verify that the temperature rise can
exhibit three distinct types of behavior, de-
pending on the effective order n — ¢, as
depicted in Fig 2

1 Decelerating (Type 1), this 1s to be
foundforn — g =1+ 2/48

2 Combined decelerating and accelerat-
ing (Type II), there 1s an inflection point
within the interval (0,6) whenever 1 + 2/y <
n—qg<1+2yB

3 Accelerating (Type III), this type of
behavior occurs forn — g <=1 + 2/y

Thus, the shape of the temperature rise
would allow one to infer a priort the general
character of the deactivation kinetics
Moreover, it can be used as a guide for pa-
rameter estimation Physically, Type I be-
havior might be suggestive of plugging of
fine pores 1n situations where coke depo-
sition 1s the cause of deactivation That poi-
sons may become less strongly chemi-
sorbed on the catalyst as temperature
increases also concurs with Type I behav-
tor Type II behavior 1s of common occur-
rence 1n hydroprocessing in which catalyst
deactivation 1s caused by both coke and
metal deposition Type III behavior could
be caused by changes 1n catalyst structure,
which usually 1s a lighly activated process
characterized by an mitial slow period of
deactivation (6) Experimental examples of
the above three types of behavior can be
found 1n Refs (9-11)

OPTIMUM OPERATING CONDITIONS

The objective function considered here,
which 1s to be maximized for optimalty, 1s

usually referred to as the ‘‘space conver-
sion,”’ SC,
[}

SC =[] CoSwdt = oS30 (20)
which measures the total product produced
per unit volume (or weight) of catalyst We
may call CySx the production rate In di-
menstonless form, SC becomes SC = Sx6
with § = S/K(Tma)Co™ ! We see that the
control varnables for maximzation of SC
are 8 and § The following examples 1llus-
trates how 8 and S should be chosen under
different process constraints

Example We use the same parameters as
before and, 1n addition, consider the case of
m=1,n=0,and S = 0 6498 s~! The space
converstons as a function of space velocity
at several constant production rates are
plotted in Fig 3 Also plotted are the loci of
constant 8 (dotted curves) These plots
show the following

(1) A gain 1n space conversion can be
obtained by increasing space velocity at

Fic 3 Space conversion as a function of space ve-
locity at constant production rates or constant starting
temperatures
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Fic 4 Effect of starting temperature on catalyst life
for different orders of deactivation

a constant production rate This 1s be-
cause an increase in space velocity, while
maintaining constant production rate, al-
lows the catalyst to be operated at a lower
temperature (this 1s true provided that the
order of the main reaction 1s posttive )
Thus, if production rate 1s the only con-
cern, then one should run the catalyst at the
highest permissible space velocity For ex-
ample, taking the curve for Sx = 0 327, in-
creasing S from 0 4 t0 0 6 results 1n a three-
fold increase in SC

(2) If there exists a lower limit on the
SOR temperature, then the optimal policy
would be to operate at that limiting temper-
ature and the highest permissible space ve-
locity In other words, the optimum trajec-
tory along a constant 8 curve points to the
direction of increasing production rate, as
shown in Fig 3 from A to B for 8 = 0 86
The range over which increasing space ve-
locity 1s effective s rather narrow, how-
cver

(3) If space velocity has to be fixed, then

lowering production rate to the least per-
mussible level 1s optimum, e g ,at §=10a
decrease 1n production rate from 0 429 to
0 327 causing SC to go up by about a factor
of 2

The above results are hardly surprising,
for catalyst life 1s exponentially dependent
upon temperature Figure 4 shows the de-
pendency of catalyst hfetime on the SOR
temperature for different deactivation or-
ders at an 1dentical set of flow and kinetic
parameters As seen, the effect of deactiva-
tion order becomes greater as the SOR tem-
perature 1s lowered Also, catalysts with
high-order deactivation give longer service
than those with low-order deactivation

ACCELERATED AGING

A most difficult step 1n catalyst develop-
ment 1s to obtain rehable information on
catalyst Iife, which may require several
months or even years In practice, acceler-
ated aging 1s often used as an expedient
technique for both screening and prediction
purposes However, experiments of this
sort have to be carefully formulated and in-
terpreted because a change in the deactiva-
tion mechanmism at the accelerated condi-
tions may result in totally musleading
conclusions

Depending upon the dominant deactiva-
tion mechanism, there are many ways of
formulating accelerated aging For exam-
ple, hydrogen starvation may be used to in-
tensify coking Oxygen starvation may be
used 1n hydrocarbon selective oxidations
on metal oxide catalysts Runs with spiked
feed or at high space velocities may be
made to accelerate metal deposition Also,
use of high mass velocity has been found to
be very effective in some cases because a
particular catalyst constituent may be rela-
tively more volatile (12)

If the deactivation mechanism 1s thermal
n nature, then exposing the catalyst to a
more severe thermal environment may be
used to generate accelerated aging This
can be best illustrated in the plane of In S vs
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Fic 5 Methods of accelerated aging described 1n
the plane of In S vs 1/T

1/T shown 1n Fig 5 (S, 1s the SOR space
velocity) With no deactivation, the trajec-
tortes of 1soconversionals 1n this plane un-
der most circumstances are straight lines
with a slope proportional to the activation
energy of the reaction (line AF in Fig 5) At
design conditions, the SOR temperature
and space velocity are chosen to give the
design conversion (point A in Fig 5) As
catalyst ages, the constant-conversion ris-
ing-temperature policy causes point A to
move progressively toward the left until the
EOR temperature 1s reached (path AB) A
simple way of generating rapid aging would
be to run the catalyst at design conversion
along path CD which 1s at a higher-than-
design space velocity

Alternatively, the 1soconversional run
may be performed at design conversion by
raising both temperature and space velocity
along path AE One practical way to imple-
ment this 1s to raise temperature linearly
and adjust space velocity accordingly, that
18, an 1soconversional operation consists of

T=T,+at 1)
d (K
als)-0 @

It can be shown that, on invoking the fol-
lowing approximation, for large E4/RT,

J T e~ EdRT JT ~ j T e~ EdRT 4T
T; ]

~ RY‘Z 2R7> —-E4RT
~F (I—E—de dRT(23)

one can obtain for n = 1 an approximate

analytic form for the space velocity vs tem-
perature relationship, 1 e ,

) S E ( 1 1) A4 RT?
"SsTR\T, T~ a Es

(1 - ZELd e EdRT (g—dT > 1) (24)
The second term on the right-hand side of
Eq (24) represents the first-order correc-
tion due to catalyst deactivation Depend-
ing upon the heating rate a, Eq (24) shows
that space velocity can be either increasing
or decreasing Thus, one should choose a
sufficiently high « so that temperature and
space velocity are both rising throughout
the run For the same SOR temperature,
this would give a set of more severe condi-
tions than does the temperature-rise run

Finally, to make accelerated aging a pre-
dictive tool, 1t 1s necessary to have informa-
tion on deactivation kinetics An example
to stress this point 1s given below (see also
another example 1n (6))

Example Consider two catalysts A and
B of the same nature, both perform identi-
cally when they are fresh They are differ-
ent from each other only 1n the activation
energy for deactivation, say, 23 kcal/mol
for A and 20 kcal/mol for B This difference
could be attributed to the incorporation of a
higher content of stabilizer in A, which

12

10

Fic 6 Vanation of catalyst life ratio with conver-
sion level for different orders of deactivation
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makes A more resistant to thermal aging

Suppose that both catalysts are life-tested
at a high conversion of 70% through tem-
perature adjustment and the results show
that A lives longer than B by a ratio of 7 to
1 One may ask ‘‘Does this mean that the
same ratio holds at design conversion, say,
30%7" If not, how much does this ratio
change” To answer these questions, the ra-
t10 of catalyst lifetimes (6,/0g) as a function
of conversion 1s plotted in Fig 6 for differ-
ent deactivation orders It 1s seen that, tak-
ing n = 1, for example, at 30% conversion
A hives more than nine times longer than B

CONCLUSIONS

Based on a simple constitutive equation
describing catalyst deactivation, we have
shown that the deactivation kinetics can be
obtained 1n 1soconversional experiments by
examining the temperature vs time history,
which 1n general can exhibit three distinct
types of behavior We have also shown
how the starting temperature and space ve-
locity should be chosen to give the maxi-
mum space conversion under various pro-
cess constraints Accelerated aging may be
adequate for screening purposes, but it can-
not be used for quantitative extrapolation
From the standpoint of catalyst develop-
ment, 1t 1s highly desirable to obtain infor-
mation on deactivatton Kinetics from accel-
erated aging experiments and thus establish
a quantitative link between accelerated and
natural aging

NOMENCLATURE
Aq preexponential factor for deactiva-
tron
An  preexponential factor for main reac-
tion

a catalyst activity

ag final activity

C concentration of reactant

Co feed concentration of reactant

E activation energy for main reaction

&

activation energy for deactivation
objective function defined in Eq
(1D

rate constant of main reaction
rate constant of deactivation
order of main reaction

total number of experiments
order of deactivation

defined as E4/E

gas constant

space conversion

dimensionless space conversion
space velocity

dimensionless space velocity
reactor temperature

starting temperature

maximum allowable temperature
observed temperature
dimensionless temperature
conversion

~
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Greek symbols

B defined as Ty/T g,

defined as E/RT,

defined as E;/RT,

catalyst lifetime
dimensionless catalyst hfetime
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