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" General Introduction

Heterogeneous catalytic processes, using mainly solid
catalysts, are very important for chemical industry. 1In oper-
ting the processes, the catalysts are usually decaying with
process time and the yields of the products decrease as a
result of the deactivation of the catalysts. When one is
interested in the connections between the performance of the
reactor and catalyst deactivation, one is generally not far
from an optimization problem of some sorf. It is necessary
for the optimal control to develop a reaction model taking into
account the reaction kinetics and deactivation mechanism and
to know the parameters of the model precisely. |

Research on catalyst deactivation has been concerned with
three areasl) : (1) investigation of the fundamental mechanism
and the kinetics of deactivation, (2) modelingvthe reaction
and determination of the parameters of the governing equations,
and (3) study of deactivation effects on the operation of real
reaction system. It is necessary for the design and control
of the chemical reactor with decaying catalyst to determine
the reaction model considering the deactivation mechanism and
to evaluate the parameters exactly. Such simple models, however,
as a function of process time without considering the deactivation
kinetics and as a function of the total amount of coke (

carboneous material ) deposited on catalyst have ever been used.

et g 2+



Since Jacksonz) proposed and discussed the problem of

the optimal temperature control, there have been a few studies

of the optimal design and operation of the reactor with de-
caying catalyst. For the optimizétion problem, simple models

have been used for the sake of the calculation, the analytical
treatment and so on. It is, however, insufficient to apply such
a simpleimodeljto the real reéaction system subject to catalyst

deactivation.
1. Purpose and contents of the thesis

The purposes of the present thesis are to make clear the
reaction kinetics and deactivation mechanism of the reaction
subject to catalyst decay, and sequently using the results to
investigate the problems of the optimal temperature control.

In the first chapter, a reaction kinetics and deacti-
vation mechanism are studied for isopentane dehydrogenation.

A few models were pfesehted for butanes) and isobutane4)
dehydrogenation, while few models have been presented for iso-
pentane dehydrogenation. This isopentane dehydrogenation is
carried out over chromia-alumina catalyst. As process time
proceeds the conversion of isopentane decreases accompanied
with coke deposition and the changes of the profiles of the

coke content in the reactor are observed. A kinetic model

in which isopentane dehydrogenation takes place in a consecutive

reaction ( isopentane + isopentenes + isoprene ) and coke for-

e s



~mation is via both isopentenes and isoprene is proposed on the
basis of the experimental results. A function of the total
amount of coke content which is independent of catalyst activity
profiles in the reactor has been used as a conventional ex-
pression of the deactivation. In this system the catalyst
activity is also found to be proportional to the.coke content,
and the decreasé of the kinetic parameters is expressed by a
linear function of the point coke content which represents
activity profile in the reactor. The kinetics parameters are
determined by a non-linear least squarés method using a hill
~climbing technique.

To test the applicability of the reaction kinetic model
and thé parameters, a wide range of experiments is carried
out. The observed conversion and coke content agree fairly
well with the calculated, which suggests that the kinetic model
is useful for a design of the reactor.

In the first chapter the reaction model and the parameters
are determined under a condition that the intraparticle dif-
fusion is negligible, while the conversion and coke content
change with catalyst size by the effect of the intraparticlé
diffusion. In the second chapter the effects of the intra-
particle diffusion on the conversion and coke content in the
reactor are studied using several catalyst sizes. During the
reaction coke content in the catalyst pellet increases uniformly
with process time. The diffusivity within the catalyst pellet

is measured by the technique of transmittance of helium gas and



also calculafed from the nitrogen absorption data using the

BET method. The observed effective diffusivity is found to

be a linear function of the local coke content. The apparent
diffusivity‘is determined by minimizing the variances between

the observed conversion and the calculated, using a hill climbing
method. The difference between the apparent and the observed
diffusivity is‘recognized. Effects of the catalyst size on

the conversion and coke content profiles in the fixed-bed

reactor are explained by the proposed model.

In the third chapter, using the kinetic model and the
parameters obtained in the first cﬁapter, the problem of the
dpfimal temperature control of the reaction subject to deacti-
vation by coke deposition is theoretically studied for three
kinds of reactors, an isothermal reactor, a non-isothermal
reactor and a multi-bed reactor.

Most optimization studies have considered the problem of
maximization of the total amount of'product'in a tubular reactor
by manipulating reaétor temperature with process time. From
the view of post-treatment of the catalyst, it is necessary
both to minimize the coke content and to maximize the total
amount of product, and the objective functional is selected
as matching the purpose. When the distributed maximum princi-
ple is applied to the optimization problem with deactivation
by coke deposition, one has to solve two-point boundary value
problems. The algorithhs).presented previously might not be

applicable to the reaction accompanied by coke deposition.



A vector iterafioﬁ method is chosen which is based on a gradient
technique in spatial direction and in temporal direction based
on the extremal te;hnique6). The optimal policy for the single
bed reactor calls for increasing temperature-operation with-
process time, while that for the multi-bed reactor does not
always call for the operation.

As shown in the preceding chapter, the optimal policy of
the isothermal reactor called for a rising temperature operation,
i.e. unsteady state operation. In the fourth chapter, the
kineticvmodel obtained in the first éhapter is examined using
the optimal reactor experimentally. The optimal isothermal
policy for isopentane dehydrogenation is calculated using the
algorithm proposed in the preceding chapter. The reactor
temperature is manipulating as the calculated optimal policy
and the cénversion and the coke content in the reactor are
measured. The observed conversion and coke content in the
reactor agree fairly well with the calculated, which suggests
that the kineitc model obtained from isothermal experiments
is useful for predicting unsteady operation and optimal

control policies.
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Chapter 1

Kinetics of Isopentane Dehydrogenation on
Chromia-Alumina Catalyst with Catalyst Fouling



Introduction

In catalytic reactions, crackingzo), isomerizationzz),

‘hydrogenationlg)

, and so on, an activity distribution along the
axial direction of the reactor usually occurs due to coke depo-
sition on catalyst, and it varies with process time. Froment

and Bischoff4) freated the distribution of the catalyst activity
theoretically in the reactor. Several studiesg’l4’l7’19) dealing
with feaétibns with fouling, discussed the catalyst activity as

a function of an average coke content. Recently, to aid process

3,253,24) and to obtain optimizationls’lg)

'design , an expression
of the catalyst activity as a function of process time was intro-
duced. The derived optimal policies or kinetic model would
include uncertainties of the deactivation model and discrepancy
‘between the observed and the evaluated values because of simpli-
fication of the catalyst fouling and coke formation. It is
necessary to represent the catalyst activity profile precisely,
but there have been only a few studies that analyze complex
reaction kinetics with catalyst fouling. Gavalas et a1.7’8)
dealt with the problem of estimating catalyst activity profiles
from current operating reactor data of naphtha reforming by a
parametrization technique. Tone et 31.20) developed a kinetic
model for the relation between methylcyclohexane cracking and
coke formation, and showed that by the activity factor, which

was expressed as a function of coke content, the calculated

values of both the product and coke content distribution in a



fixed bed agreedrféirly well with the observed values.

" The purpose of this chapter was to develop a kinetic model
for the dehydrogenation of isopentane that is useful for process
design and optimization. The dehydrogenation of isopentane was
studied in an integral packed reactor at various levels of
temperature and space time, and the distribution of coke content
was measured. fA kinetic model including coke formation was as-
sumed..The kinetic parameters in the model are estimated by a
new algorithm which is constructed by two calculating steps.
Firstly, under and assumptioﬁ that the rate constants are uniform
through the reactor, average or lumped kinetic parameters were
evaluated by the non-linear least squares method. The function
of activity factorAwas determined from the lumped rate constants,
relating to the average coke content. Secondly, the activity
factor with coke content could be used to represent the coke
destribution in the catalytic bed, and as a result a simulation
of the reactor kinetics was accomplished. From the best-fits
between the experimental and calculated values, the proposed
kinetic model was useful to simulate isopentane dehydrogenation

with catalyst fouling.
1. Experimental

1.1 Catalyst

The catalyst used was a commercial chromia-alumina pellet



catalyst (N-402, Nikki Chemical Co.) of a size 5 mm ¢x Smm.

The catalysts were crushed and sieved to three particle sizes—
8-10 mesh, 16-32 mesh and 40-60 mesh, and were calcined in an
air stream for at least 3 hours at 550°C. Mainly the 16-32 mesh

catalyst was used.
1.2 Apparatus and procedure for dehydrogenation of isopentane

To study the dehydrogenation of isopentane, a flow system
was used as shown in Fig. 1, operating essentially at atmospheric
pressure. The reactor, which was a 10 mm I.D. by 325 mm long
quartz tube, contained catalysts fixed by quartz wool. The
reactor was placed in a fluidized sand bath which was maintained
at constant temperature by means of a P.I.D. controller. Two
stainless sealed chromel-alumel thermocouples, 1 mm O0.D., were
positioned along the axis of the reactor to measure the temper-
atures within the catalyst bed; these temperaturcs were recorded
. continuously. |

The hydrocarbons used were ultrapure grade isopentane, 2-
methyl 2-butene (2M2B), Z-methyl 1-butene (2M1B), or isoprene.

As fhe boiling points of the materials were close to 30°C, a
syringe of a microfeeder was set in an ice bath to prevent the
materials escaping in vapor. When the reactor reached a given
temperature, nitrogen gas was exchanged with feed gas of definite
composition of hydrocérbon diluted with nitrogen. A space time
(t) was defined by z/UG on the space velocity at 300°C, ranging

from 0.06 to 3.6 sec. The products were analyzed on line by



(or air) [ ~ -
12 8 | 10;L
A 5\\ e .
3 | . %A
|1 13
To vent. :

| —<—air

| Fig.1  Flow diagram of experimental apparatus

1 Catalyst 2 Quartz reactor 3 Gas flow meter
4 Needle valve 5 Four way valve 6 Mixer

7 Vaporizer 8 Condenser 9 Microfeeder

10 Cooler 11 Fluidized bed 12 Drier

13 Heated gas sampler 14 Thermocouple
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gas chromatography; the total effluent fiom the reactor passed
through the heated (at 50°C) gas sampler; Isopentane, isopentenes
(2M1B, 2M2B and 3M1B) and iscprene were separated in a column
containing 15% B-B'-oxydipropionitrile on a-alumina. The experi-
mental conditions are shown in Table 1. Three sizes of catalysts
and the pellet were tested to determine the resistance of intra-
particle diffusion on conversion at a reaction temperature of.
536°C. For catalyst particle less than 16-32 mesh, resistance

of intraparticle diffusion was negligible, and the 16-32 mesh

catalyst was used for measurement of reaction rates for all runs.
1.3 Measurement of coke content

)After a reaction run was oﬁer, the catalyst bed was divided
into equal sections about 1.5 cm long (about 1.0 g) along the
reactor. The coke-deposited catalyst of the section was drawn
out by vacuum line one after another. An average coke content
of the m-th section from the inlet of the reactor was Hcm'

A coke content, n_. as shown in Figs. 2-4, was given as an
arithmetic mean of n___; and n__.

The weight- of -the coke on the catalyst was determined in
a thermogravimetric balance by burning off coke with air.
Furthermore, to measure the ratio~of~cafbon to hydrogen in coke,
experiments of coke combustion were carried out by the same

apparatus as shown in Fig. 1. About 3 g of coke catalyst was

placed into the reactor. After desorption of the adsorbed water

-11-
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. Fig.2 Axial distribution of reactant, products and coke content
----- calculated values from first step

calculated values from second step

Reaction temperature = 536°C

Process time = 70 min
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by nitrogen at ZSOQC, 200 cc/min of dried air was passed through
the reactor at about 620°C. CO and CO2 were separated in a
column containing silica gel-activated carbon with helium carrier
gas while polyethylene glycol 20 M with hydrogen carrier gas

was used to separate HZO' The average composition of the coke
waé found to be from approximately C1H0.15 to ClHO.OS’

2. Experimental Results

To examine the reaction models, three kinds of hydrocarbons,
i.e. isopentane, 2M2B and isoprene, were used under differential
reactor conditions. In the feed of isopentane, coke formation
“was negligible, but in the feed'of 2M2B or isoprene considerable
coke deposited on the catalyst. With an integral reactor (space
time 0.6 sec, at 536°C and for process time 70 min), the average
coke deposition from isopentane was about 40 mg-coke/g-cat.,
Vthat from 2M2B was about 220 mg-coke/g-cat.; that from isoprene
was 250 mg-coke/g-cét. In the dehydrogenation of isopentane in
an integral reactor, a rapid rise of temperature to 60°C was
observed in the catalyst bed during 1 to 3 min of process time.
It was considered that there might be exothermic reactions at an
initial process time — rapid coke formation, polymerization and
so on. At least five minutes were allowed for the system to
reach steady state, sb sample for reactant was taken ten minutes
later.

Isopentenes were 2M1B, 2M2B and 3M1B, and ratios of

_16_



each component were not dependent on process time, but only on
tempefature. Isopentenes (2M1B, 2M2B and 3M1B) are in equilibrium
with each other as reported by Ishii et al.ll).

Figures 2-4 show the yields of products as a function of
axial distance at three different process times. From these
figures we see that the conversion of isopentane and the yield
of isopentenes increase approximately exponentially with space.
time, but that of isoprene is almost constant. Fig. 5 illustrates
typical plots of the conversion and the yields of products against
the process time at three different témperatures. The conversion
_ of isopentane and the yield of isopentenes decreased rapidly while
thét of isoprene did so slowly.

The distribution of the cdke content n__ is shown in Figs. 2-

4. Plots oflweight per cent of average coke content all over the

catalyst bed against process time are shown in Fig. 6.

The average coke content is given by;

SL -1m
n_ = n dz/L=m % n__ (1)
c 5 c =1 Cm

Figures 5 and 6 indicate that the average coke content
increases with both rising temperature ‘and process time,
while the conversion and the yields decrease.

3. Analysis of Experimental Results

3.1 Kinetic model

-17-
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Fig. 6 Average coke content vs. process time
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The dehydrogenation of isopentane was reported by Mavity

12)

et al. as a consecutive reaction (isopentane -+ isopentenes -

isoprene) under condition of various feed rates, pressure and

10,11) it was noted that

so on. According to Ishii et al.
dehydrogenation from isopentane to isopentenes was a first-order
reaction, and that 2M1B and 3M1B were the intermediates to iso-
prene. |

The dehydrogenation was accompanied by coke formation during
the process. Coke is formed not only via olefin as reported by

19) 10),

Takeuchi et al. » Eberly et al.s), énd Otake et al.

but
. also via diolefin, as obtained from the experimental results.

' The reaction involves thermal cracking,'isomerization,
polymerization{ etc. It is assﬁmed that dehydrogenation of
isopentane takes place in consecutive steps, that cracking occurs
in parallel from isopentane, and that coke formation is via both
isopentenes and isoprene. The kinetic scheme thus assumed is
shown in Fig. 7.

1) The rate of isopentane disappearance is given as a first-order

reaction;
T, = (k1 + kZ)CA ' (2-a)
TAl = kICA(reaction rate for‘oléfin) (2-b)

Tpy = kZCA(reaction rate for other products) (2-c)

2) That of the dehydrogenation to isopentenes is given as a

first-order reaction;

-20-
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Fig.7  Reaction Scheme
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rg = kch (3)

3) That of the dehydrogenation to isoprene is given as a

p-th order reaction;
1o = ksCP (4)

4) That of the coke formation is given as a p-th order reaction

from isopentenes and a q-th order reaction from isoprene;

= p q v -
The = V(k,Cp + kcCP) (5-a)
rnc1= k4cg (reaction rate from isopentenes) (5-b)
Thc2 = kscg (reaction rate'from isoprene) (5-¢)

By introducing an activity factor, ¢ the rate constants are

defined as

i = Kijo 3 (6)

where kio = initial rate constant at n. = 0. In general, an

activity factor is a function of process time and space time.

3.2 Simulation of reaction kinetics

Using the assumptions that (a) the feed gas is a plug flow,
(b) there are negligible gradients of temperature and pressure
through the reactor, (c) axial diffusion is negligible, (d)
intraparticle diffusion is negligible, and (e) there is no in-

terparticle or intraparticle mass and heat transfer rate limi-

-22-



tation, it is possible to describe four coupled continuity

equations given below;

90 9z ,
aC aC
—B + U,—B =1 - TA - T (8)
29 Gaz - Al C ncl
9C aC
—C + U.—C =71, -1 : (9)
30 Gy, C nc2 v
§BC =7 o (10)
36 nc

As the integral reactor with coke formation is at unsteady
state, and in general has an axial distribution of coke content,
it is very difficult to determine the rate constants in dis-
tributed parameter system as described by Eqs.(7)-(10). In
addition, we shall make an assumption that (f) space time is
much shorter than process time for catalyst'deéay, so that the
quasi-steady state approximatidn is valid.

Under this assumption, Eqs.(7)-(10) are reduced to

3Cp - (k; + k,)C, (11)

oT

3C, _ ; p '

E—B = k,Cy - (kg + k,)Cp (12)
T

9C~ _ P _ q

;:c = kCp - kgCp | (13)
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e - v(k B+ k.ch (14)

28
But Eqs.(11)-(14) are still distributed parameter system, so an
algorithm, which is constructed by two calculating steps, for

~ kinetic parameter estimation as shown in Fig. 8 is introduced.
3.2.1 The first calculating step

On the assumption that (g) the catalyst activity is uniform
through the bed,.the experimental data of the i-th component,
aijk’ were compared with the calculafed values, Cijk’ at process
time (ek) and at space time (T ). That of coke content, nCJ' was
plotted against process time and the rate of coke formation,
rncj’ was obtained by graphical differentiation.

The problem can be stated as one of finding Kl to ES such

that an objective function defined by Eq.(15) has a minimum value.

A

(r. . - r..:)% (15)

= - 2
lp1 L {wy (Cljk Cijk) “ne ncj “ncj

ij
whére ws is a weighting factor for the i-th component. The
objective function was minimized by a hill climbing method on a
NEAC-2200/700 digital computer (at Osaka Univ. calculation
center). The values of reaction order, p'and q, were changed
with four combinations of (1,1), (1,2), (2,1) and (2,2). As
the result of calculations, the reaction orders p and q were
found to be (1,1). The lumped rate constants, ki’ calculated

from this step were related to average coke content, KC.



The second calculating step

Propose Model >\L< - Experimental data

Set assumptions:(a) - (g) in text
Use Egs.(11) - (14)
=
Calculate preliminary
parameters estimation
vl\
Estimate parameters by
hill climbing method

|
|
]
I
|
|
|
[
I
|
|
l
J |
Calculate objective function }
|

|

I

|

|

|

|

|

J

no

Converge
yes

[Change combination of (p, ql}———av

~ [Select minimum @, and fumped parameters

[Examine the type of activity factor|

A .
[Replace the assumption (g) to (h)]

Fig.8

Calculate Egs. (11) - (14 by Runge-
Kutta-Gill with coke accumulation

\b .
[Search decay constants by hill climbing|

[ Calculate objective function 'W,|

[Exit with best-estimated parameters]

Algorithm for estimation of a distributed
parameter system
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From the linearity of the plots, the following relations were

obtained.

Ki = kio¢i(ﬁ§) (16-1)

and

$.(n.) =1 - o.n (16-2)
where Ei = lumped decay constant.
3.2.2 The second calculating step

The assumption(g) was replaced by a new assumption that
(h) an activity factor, Eq.(17), the same as Eq.(lé) could repre-
sent distribution of catalyst activity through the catalyst bed.

ki = kio¢i(nc) (17-1)

and

$;(n) =1 - aiﬁc (17-2)

Using the coke content a new objective function was defined by

Eq. (18)

e ~ _ 2 A i 2
2 1 g g0t * e g 10

where nCjk and n are the experimental and calculated values

cjk

of coke content, respectively, and w is a weighting factor

nc
for coke content. The ¢i(nc) was substituted into Eqs.(7)-(10),

and a set of Eqs.(7)-(10) could be integrated by a difference
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method, but by use of quasi-steady state assumption, Eqs.(11)-

(14) were integrated by means of the Runge-Kutta-Gill method with
coke accumulation. To minimize Eq.(18), wz, the decay constants,
climbing method. The values of kio were plotted against the

and initial rate constant, kié’ were determined by a hill

reciprocal of absolute temperature, 1/T, on semilogarithmic
ordinates as shown in Fig. 9. The value of the constant, o,
was similarly plotted in Fig. 9, in the same way as by Takeuchi

et al.lg) 12).

and Ozawa et al. The rate constants and the decay
constant, a,, are summarized in Table 2. Campbell and

' Wojciechowskis) defined nonselective aging such that all rate
coﬁstants were multiplied by the same activity factor, and selec-
tive aging such that each rate éonstant was multiplied by a
different activity factor. Hano et al.g) showed that toluene
disproportionation was selective aging. In this paper, iso-

pentane dehydrogenation is also selective aging, as shown in

. Table 2.

4. Discussion

4.1 Coke and activation energy

From the chemical analysis of the coke component, C1 0HO 05

- C1 OHO 15 vas obtained. It was reported that the coke compo-

15)

nent on silica-alumina catalyst was Cl.OHO.S - Cl.OHl.O’ and

Cl.OHO.S - Cl.OHl.O for the cracking of methylcyclohexane on
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21)

silica-alumina catalyst and C1 0H0 75 for the dehydrogenation

of n-butane on chromia-alumina catalystls).

The reason why the
values of C/H (carbon/hydrogen) were different among investigators
might be due to the complicated mechanism of such processes poly-

merization and adsorption. Ishii et al.lo’ll)

reported that the
reaction kinetics from isopentane to isopentenes was first-
order with resﬁect to each component and that the activation
energy was 21.4 kcal/g-mol for isopentane with hydrogen carrier
gas. The evaluated activation energy was 17.3 kcal/g-mol with
nitrogen carrier gas. The difference.between the former and the
latter might be due to the influence of the kind of carrier

gaé. As to the activation energy of coke formation, it was re-
ported that for the hydrogenation of n—butenel) and iso—butenelg),
respectively, the activation energies had values of - 3.3 kcal/g
-mol and 1.5 kcal/g-mol. The values of 23.1 kcal/g-mol and 34.6
kcal/g-mol were reported, respectively, for the dehydrogenation
of n-butane16) and cyclohexanel4). ‘For thertracking of methyl-

cyclohexanezo)

, the activation energy of - 3.36 kcal/g-mol was

reported. In the present work, for the activation energy of coke
formation, the value of 12.6 kcal/g-mol via isopentenes and that
of - 10.6 kcal/g-mol via isoprene were obtained. The differences

among the values of the activation energy might come from the

complexity of the coke formation mechanism for each reaction.
4.2 Kinetic parameters and expression of activity factor

For the expression of catalyst fouling, several types of‘
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function Qf coke content were presented by Anderson and
,WhitehOUSez). The lumped activity factor, Eq.(16-2), used in
several studies because of its simple form, was shown to be useful
for less coke content. Froment and Bischoff6) discussed theoret-
ically in simple reaction models the differences of the distrib-
ution of the reactant and the coke content‘using the activity
factor, Eq.(19); Morioka et al.14) derived the above activity
factor by Poisson distribution of coke accumulation, and used it

for cyclohexane dehydrogenation.

¢; = exp( - a;n) (19)

If the decay constant, a, is small, Eq.(19) can be reduced to

Eq.(16-2) or Eq.(17-2) by Taylor's expansion16).

In dehy-
drogenation of isopentane, Eqs.(16-2) and (17-2) were usable to
estimate the changes of concentration. In the case of both lower
temperature and less coke content, it is sufficient to use Eq.(16-
2) and, also, it may be permissible that the reaction orders,
(p,q), are (1,1) acéording to Fig. 10. Recently, the lumped
activity factors as functions of process time have been developed

3,23,24) 15,18) ¢ the reactor.

for the design or the optimization
Eq.(16-2) can be reduced to the lumped activity factor as a
function of process time, but as sShown in Figs. 2-4, if there

are disfributions of coke contént in the reactor length, the
activity factor, i.e. Eq.(17-2), is useful to predict distribution

of catalyst activity through the reactor.
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Conclusion

In isopentane dehydrogenation over chromia-alumina catalyst,
the conversion of isopentane and the yields of isopentenes de-
creased rapidly with process time while that of isoprene did so
very slowly. Coke deposition on the catalyst and catalyst fouling
occurred in an integral catalytic reactor, and axial coke distri-
bution was observed alohg the reactor. For isopentane dehy-
drogenation‘a kinetic model was proposed in which the main reaction
was consecutive and the subreaction was parallel. To evaluate
. distributed kinetic parameters with catalyst fouling, an algorithm
infolving two calculating steps was introduced. The parameter
estimation method was applicablé to isopentane dehydrogenation.
Activity factors evaluated were different from each other, so the
fouling was selective aging. The activity factor was revealed as
a linear function of coke content. Using the kinetic parameters,
the changes of concentration and the distribution of coke content

with process time were simulated fairly well by the kinetic model.
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Notations

weight fraction of the i-th component [g/cc]

observed weight fraction of the i-th component [g/cc]

feed rate [g/min]
rate cgg§fént for the j-th reaction at zero

coke deposit [1/sec]
rate constant for the j-th reaction at time [1/sec]
lumped rate constant for the j-th reaction [1/sec]
coke content on catalyst . [mg-coke/g-cat.]
average coke content on catalet [mg-coke/g-cat.]

coke content on the m-th point of catalyst
[mg-coke/g-cat.]

average coke content on the m-th section of catalyst

bed [mg-coke/g-cat.]
reaction rate with respect to the i-th component
[g/cc-sec]
rate of coke formation [mg-coke/g-cat.min]
observed rate of coke formation “[mg-coke/g-cat.min]
axial distance of the catalyst packed bed
from the inlet of the reactor [cm]
vapor velocity of reactant fluid | [cm/sec]
catalyst weight : [g]
decay constant in activity factor [g-cat./mg-coke]

lumped decay constant in activity factor
[g-cat./mg-coke]
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o = process time ’ [min]

v ‘= conversion factor
[mg-come-g-feed-sec/g-cat-g-component:min]

T = space time ( = z/UG) [sec]
¢i = activity factor for the i-th reaction [—]
v = estimation function [—1]
ws = weighting factor for each component [—]
Subscripts

A = isopentane

B. = isopentenes

C = isoprene

nc = coke

m = number of intervals of division
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Chapter 2

Effects of Intraparticle Diffusion on
Catalyst Fouling



Introduction

The reaction model and the parameters were determined under
a condition that the intraparticle diffusion is negligib1e2’6’7’10)
in the first chapter, while the profiles of the conversion
change with catalyst size by the effects of the intraparticle
diffusion. Many investigatorsS’lO’ll) have studied the kinet-
ics of catalytic reactions subject to fouling and presented
several decay models as a function of average coke content.

To examine the kinetics of the réaction and the mecha-
nism of deactivation, it is necessary to know the distribution
df.coke in the catalyst pellet. Murakami et al.s)\reported
that distribution of coke content in a catalyst changed by dis-
proportionation of n-butyl alcohol. Suga et a1.8) studied the
effect of coke content on the effective diffusivity and ex-
pressed it as a linear function of the coke content in the
n-butane dehydrogenation. Komiyama and InoﬁéS) showed that
the selectivity of the intermediate product of a consecutive
reaction was explained by a micro-macro pore model using the
Langmuir-Hinshelwood rate form. Masamune and smith?) showed
that effectiveness factors could be useful for predicting the
effect of fouling on the performance of a fixed-bed reactor.

The purpose of this chapter is to make clear the effects
of the intraparticle diffusibn in a catalyst pellet on the
conversion in the fixed-bed reactor using the kinetic model

developed previously for the isopentane dehydrogenation over
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chromia-alumina catalyst . The coke content in the catalyst
pellet increases uniformly. The diffusivity within the catalyst
pellet is measured by the technique of transmittance of helium
gas and also calculated from the absorption data of nitrogen

- using the BET method. The observed effective diffusivity is
found to be a linear function of the local coke content. The
observed convefsion ratio and coke content in the fixed-bed |
reacfor are in agreement with the values calculated using the
proposed model by choosing an apparent values of diffusivity,

which is compared with the observed.
1. Experimental

1.1 Catalyst

Thebcatalyst was prepared from the commercially available
chromia-alumina pellets (N-401A and N402, Nikki Chem. Co.,) of
the size 5 mm¢x5 mm. The pellets wére crushed and sieved to
four sizesv——us mm¢*x2.5 mm, 8-10 mesh, 16-32 mesh and 42-60
mesh, and they were calcined in an air stream at about 550°C

for at least three hours.
1.2 Apparatus and procedure

The experimental apparatus used is shown in Fig. 1. Three
kinds of reactor tubes were used; one was made of a stainless

"steel tube with 30 mm I.D. and the other two were quartz tubes
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Fig.1 Flow diagram of experimental apparatus

10
N—
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2 Reactor . 3 Gas flow meter

5 Four way valve 6 Mixer
8 Cooler 9 Fluidized bed

11 Heated gas sampler 12 Thermocouple
14 P. . D. controller
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of 10 mm I.D. and 26 mm I.D. The reactor was placed in a flu-
idized sand bath whose temperature was constantly maintained
by a P.I.D. controller. Two stainless sealed alumel-chromel
thermocouples of 1 mm 0.D.. were positioned along the axis of the
reactor to measure the temperatures of the catalyst bed and
anothe; thermocouple was set in the bath. These temperatures
were continuougly recorded. _
Ultrapure grade isopentane was used. As the boiling point
of the isopentane was close to room temperature, the syringe
(SO cc or 200 cc) of a microfeeder waé set in an ice bath to
prevent the reactant from escaping. When the reactor reach-
ed.a specified temperature, nitrogen gas was replaced with the
isopentane feed gas, of definite composition diluted with nitro-
gen. The space time (t) was defined by z/UG which was based on
the space velocity at 300°C, and it varied from 0.06 to 4.2 sec.
The products were analyzed by a gas chromatograph. A total
effluent from the reactor passed through a héated ( at about 50°C)
gas sampler. The change in the volume of the reactant during
the reaction was negligible. The experimental conditions are

shown in Table 1.
1.3 Measurement of coke content

When the reaction was complete, the catalyst bed was divided
into equal sections along the reactor axis. The catalyst in
each section was withdrawn from the reactor, and the coke

content on the catalyst was determined using a thermobalance
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and burning off the coke with air.
1.4 Measurement of diffusivity

Diffusivity in a catalyst pellet was measured with appa-

ratuslo’ls)

10)

, which was similar to that described by Suga et
al The data were obtained by the countercurrent method of
a nitrogen and helium system at 1 atm. and the apparatus was
maintained at 25°C in the air bath of the gas chromatograph.

The effluent gases were detected by the thermal conductivity

cell of the gas chromatograph.
1.5 Pore size distribution in the catalyst

The relation between cumulative pore volume and pore
radius was obtained by the mercury penetration technique using
a porosimeter ( model 1520, Carlo Erba ). For calculating the
pore size distribution from the adsorption isotherms on a
porousvcatalyst, adsorption data were obtained using the BET

method.
2. Results

2.1 Dehydrogenation of isopentane

Fig. 2 shows that conversion of isopentane and yields of
isopentenes and isoprene changed with the size of the catalyst.

The conversion and the yields of isopentenes decreased rapidly
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with process time,'while the yield of isoprene decreased slowly.
But slight’difference in the catalyst activity between type A
(N402) and type B (N401lA) was observed. The relation between

- the conversion profile and'catalyst size in the reactor is shown
in Fig. 3 for four catalyst sizes. The intraparticle diffusion
is negligible as sﬁown,in Fig. 3, when the catalyst size is
smaller than 16-32 mesh. Figs.4a and 4b show the conversion

for three catalyst sizes at the process time of 130 minutes.
Profiles of coke contents are also plotted in Figs.4a and 4b

at reaction temperature 536°C.
2.2 Distribution of coke content in the reactor

The distribution curves of coke content in the reactor at
the process time of 70 min are shown in Fig. 5 at four temper-
ature levels for two catalyst sizes. The coke content increased
from the inlet to the outlet of the reactor for the smaller
size catalyst, while the content decreased for the larger si;e

as shown in Figs. 4 and 5.
2.3 Coke distribution in pellet

To examine coke distributioﬁ in a catalyst pellet, a micro-
photometer and a thermobalancevwére used. A pellet was sliced
into three parts in the radial direction (the outer, the inter-
mediate, and the center core), then the coke content of each
part was measured with the thermobalance. The cross-sectional

photos df.the catalyst pellet were scanned by the microphotometer

- -45-



Reaction temp. 536°C |
Process time 130 min- |
830 | .
= | |
= i ) /
£ 20 : o
= .
£ | /
= o | .
o .
c © key | Catalyst size
5 10 / @ | 42-60 mesh
S O | 16-32 mesh
S © | 8-10 mesh
e ® | 5 mmgx5> mm
' | | |
0 0.6 1.2 1.8 2.4
Space time [sec]

Fig. 3 Influence of catalyst size on conversion
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in a lateral difection. The radial coke distribution is indi-
cated in Figs. 6a and 6b. It is shown that, at the initial
stage, the coke accumulates in the outer part of the catalyst,
then after about twelve minutes coke accumulation becomes
uniform. This fact suggests that the use of a homogenous model

_for catalyst deactivation might be reasonable.
2.4 Diffusivity

The results of diffusivity which decreases with increasing
coke content are shown in Fig. 7. Thé same relationship between
diffusivity and coke content as reported by Suga et al.lo) was

obtained form the linearity of the plots:

P . b .
P = DP_ (1 - 0.0063 n_) (1)

where Dge is the diffusivity at zero coke content, Dge is

2

determined as 1.03 x 10 cmz/sec, and n. is the coke content.

2.5 Distribution of pores in catalyst and calculation

of Knudsen diffusivity

The porosimeter data showed that about 85% of the pores
were micropores ( smaller than 100 R ). To examine the micropore
distribution, the data obtained by the BET method were analyzed
by the Inkley and Cranelon's methodl). The resulté of distri-
bution of pore sizes are shown in Fig. 8. The radius of the
micropores becomes smaller with increasing coke content. The

mean radius, a, was calculated from the following equation,
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a=1Ia, AV, / EAV,, (2)
1 1

where AVi is the pore volume whose radius is between a; and a; *
Aa. Fig. 8 shows that the calculated mean radius becomes smaller
as the coke content increases. Diffusivity‘is calculated from

the Knudsen equation using the mean pore radius, and is also shown
in Fig. 7. Froﬁ tﬁe linearity of the plots, the following rela-

tionship is obtained:

kK _ ook o
Dg = Dgo( 1 - 0.00136 n_ ), (3)

where Dge is the initial diffusivity at zero coke content, and
Dgé is determined as 1.23 x 10 2 cmz/sec. The observed Dge
agrees fairly well with the caléulated Dge at zero coke content.
The differnce between the observed and calculated values becomes
larger with process time, and it might be due to the adsorption

of nitrogen on coke.
- 3. Analyses and discussion

3.1 Kinetic model

The reaction scheme of isopentanc dchydrogenation over
chromia-alumina  catalyst had been proposed in the first

chapter as follows:
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| 1 T3
A — 5 B C
(isopentane)k1 (isopentenes) k3 (isoprene)

) \L k2 o rN4 r/‘s

D E
(chers) (coke)

The overall disapperance of isopentane is the sum of the indi-
vidual steps 1 and 2. These rates of reaction are of the first

order with respect to the reactant;

Ty, =Ty + T, =~ ( k1 + k2 ) CA (4)

The net appearance of isopentenes is given as the difference
of reaction rates between step 1, step 3 and step 4. These rates

are also of the first order.
g =Ty - r3 - T, = kch - ( k3 + k4.) CB. (5)

The rate of isoprene reaction is given by the difference of the

rates between step 3 and step 5, that is,
To = Tg = Tg = k,C, - k C (6)

and that of coke formation is expressed in terms of step 4 and

step 5,
r, =T, v T = k,C, + k.C._. (7)

3.2 Basic equations for diffusion process
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The material balance of the i-th component within a spher-
ical catalyst may be written by

2
pD.( 28 + 288y 2238, (8)

€1° 3r2 T 3r 96 1

where D,; is the effective diffusivity of the i-th component.

Initial and boundary conditions are given by

C;(z,R,0) = C ;(z,8) ; at =0, r=R
(9)
391 =0 ' ; at r-= 0, for 8 > 0 .

The reaction rate per unit reactor volume is given as follows,
using thc mass transfer into the pellet and the number of pellets

per unit volume as;
=nr..=3n— (—i) - (10)

where N is the number of spherical pellets per unit volume of
the bed. In an isothermal tubular reactor, the material balance

of the i-th component can be expressed as

4" 4"
R R (11)
32 a8

When a homogeneous model for a catalyst pellet is applicable, the

coke content in the reactor is given by



..a_gc= V(’I\: +¥ )’ . (12)
4 5
a0
where vis the conversion factor that converts the dimension of

the reaction rate from per unit volume to per unit weight.

The boundary conditions are given by

; o
Ci(z,O) = Coi for 6 > 0
C.(z,0) = Coi(z,R,e) for 6 > 0, and Z>z>0 (13)
nc(z,O) =0 for 6 = 0

"According to the quasi-steady state the assumption that the rate
of decay or coke accumulation would be negligible in comparison
with the rate of change of the reactant in the reactor, and Eq.

(8) is reduced to.

ei® 32 1 ar T 1)
Generally, the effect of intraparticle diffusion on the reaction
rate is represented by the effectiveness factor, but for a
complex reactioﬂ it'is not readily representable by this factor.
The effect is directly expressed by Eq. (14) with the effective
diffusivity, D '

ei? and Eq. (11) is reduced to the following

equation,

g.@.j_: Y

T.. o (15)
i
9T
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As the density of reactant g is constant during the reaction,

and Ci is P Vi Eqs. (14) and (15) are reduced to
f 2 9
D.(Xi+ 2y =r. /o, (16)
e1l" 4.2 r or i G

where Y; is the weight fraction of the i-th component, and the

boundary conditions are,

y;(z,R,8) = ?01(2,6) for 8 > 0

(17)
Wi =0 at r = 0,0 > 0.
ar

The material balance equations in the fixed-bed reactor can also

be rewritten as

.a'\: n
PG Pio= ¥, (18)
9T
pg Be = ?n (19)
00 c
and the boundary conditions are
?i(o,e) = §Oi : } for 6 > 0
(20)
'nc(T,O) =0 for 6 = 0

3.3 Chemical rate constants and activity factors

For the changes of reaction rate constants with catalyst

-59-



deactivation, the following relation is used:

ki = ki 95 > (21)

where kio is the initial rate constant at zero coke content and
¢i is the activity factor. The kinetic parameters have been
estimated by two calculation stepsﬁ). The activity factor is

given by a linear function of coke content,
¢. =1 - a. n_, , (22)

where oy is the decay constant and n, is the coke content. The
. calculated rate and decay constants are shown in Table 2. There
afe four different a's, so this reaction system is selective
aging. The decay constants for step 3 and step 4 are found to

be zero.

3.4 Apparent diffusivity under chemical reaction subject to

catalyst fouling

To study the effect of catalyst size on conversion, the
observed conversion was compared with that of the calculated.
The conversions were numerically evaluated using Eqs. (16)-

(20) by taking into account the effect of coke deposition on the
catalyst activity. The observed values were compared with those
of calculated, using two different values of observed and
Knudsen diffusivity, but there was only a little difference
between them. Apparent diffusivity was determined by minimizing

the variances between the observed conversion and the calculated,
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usingva hill climbing method. The apparent diffusivity was
about one fifth of that observed. This fact may suggest that
diffusivity is affected by chemical reactions.

For the 16-32 mesh and 42-60 mesh catalysts, the influences
of intraparticle diffusion could be ignored as confirmed by
calculation and by the experiments as shown in Fig. 3. Some of
the results of simulation were shown in Fig. 4. The computing
time for one iteration from 0 minute to 190 minutes for process
time was about 50 second on a NEAC 2200/700 at the Calculation

Center, Osaka Univ.
Conclusion

In the dehydrogenation of isopentane over chromia-alumina
catalyst, the conversion of isopentane and the yields of iso-
pentenes decreased rapidly with process time, while the yield
of isoprene decreased very slowly. The evaluated activity
factors were different for different reactions, so the fouling
was selective aging. Moreover, in the reaction, the coke
content in the catalyst pellet was found to be uniform. The
observed effective diffusivity was a linear function of coke
content. The apparent diffusivity for the chemical reaction
was determined by fitting the observed conversion ratio in the
fixed-bed reactor with the values obtained from a proposed model.
The difference between the apparent and the observed diffusivity

was recognized; Effects of the catalyst size on conversion and
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coke content profiles in the fixed-bed reactor were explained

by the proposed model.
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Notations

o
pore radius in a catalyst [A]
‘concentration of i-th component [g/cc]
concentration of i-th component in a catalyst [g/cc]

apparent diffusivity evaluted by simulation 5

. [cm®™/sec]
evaluated'diffusivity by BET method [cmz/sec]
observed diffusivity by diffusion method [cmz/sec]
feed rate of reactant : ' [g/min]
rate constant for the j-th reaction [1/sec]
coke contént on catalyst [mg-coke/g-cat.]
number of spherical catalyst per unit volume

‘ [number/cc]

reaction rate of i-th component per unit
volume [g/cc-sec]
reaction rate per unit pellet [cc/g-sec-number]
rate of coke formation [mg-coke/g-cat.min]
radius of a spherical cataiyst [mm]
weight fraction of i-th component , [-]

axial distance of the fixed-bed reactor from inlet

[em]
reactor length ; fcm]
superficial velocity of reactant [cm/sec]

weight of catalyst | [g]
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decay constant [g-cat./mg-coke]

a =

) = process time [min]

\Y = conversion factor
[mg-coke-g-feed-sec/g-cat.g-component-min]

T = space time ( = z/UG) [sec]

o = density of catalyst pellet [g/cc]

Py . = density of catalyst bed | [g/cc]

bG = density of reactant gas [g/cc]

bs. = activity factor for the i-th reaction [-]

Subscripts

A = isopentane

= isopentenes

C = isoprene

m = number of intervals of division of the reactor

n. = coke |

o = initial ( at zero coke content)

£ = final

Superscripts

- = average

~ = observed

N = bulk
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Chapter 3

Optimal Control Policy of Chemical Reactors
with Catal_yst Deactivation



Introduction

It is important for improvements of product yield and cata-

lyst life to operate and to design a catalytic reactor subject

1,10)

to deactivation optimally. Since Jackson6’7) discussed and

proposed the problem of optimal temperature control of a reactor

subject to the catalyst decay, there have been a few studies

16)

concerning with the problem. Szépe and Levenspiel , Chou et al?)

and Haas et al.s) have studied the problems of obtaining the
isothermal optimal temperature histories using a lumped reaction

model in which the catalyst decay is independent of reactant

using Bolza method of calculus of variations. Ogunye and Rayll)

and Crowes) treated the problem using the maximum principle.
17)

In a class of distributed parameter system, Volin and Ostrovskii ,

Jackson6*7)

and Ogunye and Raylz) derived the distributed maxi-
mum principle and proposed the computational algorithms.

Ogunye and Ray14) also applied their algorithm to vinyl chrolide
monomer reactor and solved the problem of catalyst loading.

9)

Kumbilieva and Peshev evaluated the optimal temperature control
of a tubular reactor in which two parallel irreversible reaction
occurred. Extensions of the basic problem have been given by

13) 15) and'Crowe4) for multi-bed reactors.

Ogunye and Ray , Paynter
Simple reaction models have been used for the sake of the calcu-
lation, the analytical treatment and so forth. It is, however,
insufficient to apply such a simple model to the real reaction -

system with catalyst decay.



In this chaptér, using the kinetic model obtained in the
first chapter, the problem of the optimal temperature control
of the reaction subject to deactivation by coke deposition 1is
theoretically studied for three kind of reacfors, that are an
isothermal reactor, a non-isothermal reactor and a multi-bed
reactor. Most optimization studies have considered the problem
of maximization'of the total amount of reaction in a catalytic
reactor by manipulating reactor temperature with process time.
From the view point of post-treatment of thé catalyst, it is
necessary both to minimize the coke content and to maximize the
total amount of product, and the objective functional has to be
selected as matching the purpose. When the distributed maximum
principle is applied to the optimization problem with deactivation
by coke deposition, one has to solve a two-point-boundary value

problem. The algorithm proposed by Ogunye and Raylz)

, however,
might not be applicable to the reaction accompanied with coke
deposition. A vector iteration method is proposed that is based
on a gradient technique in spatial direction and in temporal
direction based on an extremal techniques). The optimal policy
for the single bed reactor calls(for increasing temperature

operation with process time, while for the multi-bed reactor

does not always call for the operation.

1. Reaction model

‘The previously obtained reaction kinetic model and the pa-



rameters are used for the studies of optimal temperature policy
with catalyst decay. The reaction modello) had been proposed

as follows:

A —T1—»s B —— T3 —> ¢
(isopentane) k1 (isopentenes) k3 (isoprene)
T2 | K Ty \\Qz; ;;////ks
D E
(others) - (coke)

Each step is a first order reaction. The reaction is deact-
ivated due to coke deposition. For changes of reaction rate

constants, the following relation is used:
(1)

where kio is an initial rate constant and s is an activity
factor. The activity factor was given by a linear function of
the local coke content which represents activity profiles in

the reactor:

$; =1 - o, n_(1,6) (2)

where o, is a-decay constant. The rate constant ki is temper-

ature dependent and is represented by the Arrhenius formula:

kio = exp( Ai - Ei/RT) (3)

-The activity factor is also température dependent and the

decay constant is represented by the Arrhenius form. Used rate
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and decay constants are shown in Table 1.
2. Reactor Model and System Equation

For the tubular reactor three assumptions are made that
the reactor is in plug flow, that the intraparticle and inter-
particle mass and heat transfer is negligible and that the space
time scale is much shorter thah the process time scale for
catalyst decay by the coke deposition so that the quasi-steady
state is valid.10:12) Under these assumptions the extent of

reaction for each component is given as:

;—A = - (K + k, ) x4 = £ (4)
, T
a—xB=kx-(k +k,) x, = f (5)
. 1%A 37 kg ) xg= 1y
3Xe = koxp - kexp .= f (6)
N 3Xp ~ KsXg = f3 -
T
0¢6<e6p x(0,0) = x(1,0,00" (7)

and coke content in the reactor is given as:

dn . _ ' _ :
o= v( kyxp + kexo ) = g (8)
0 <1<y, ' n_(7,0) = n_ (1) (9)

3. kOptimization Problem
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The general form of the objective functional stated by
Ogunye and Raylz) ( for a fixed value of 6 ) is rewritten for

the coke deposition as follows:

O¢ - £
I = S; Gl(xi(Tf’e)) do + So Gz(nC(T,Gf)) dt
0 T
£ .f
+ " G(x,n ,T) ded 10
So So (x,n_,T) dodr (10)

where Gl accounts for the value of product concentrations,

feed costs, etc; G2 accounts for catalyst cost, regeneration
cost, coke content, etc, and G accounts for heating and cooling
cost, etc. The total amount of reaction products isopenfenes, is
maximized, and simultaneously the coke content that accounts

for the catalyst fouling is minimized. The objective functional

is reduced as follows;

—
]

¢ | Tf
So xB(Tf,G) dée-- p So .nC(T,af) dr (11)
where p is an economic parameter that accounts for the catalyst
cost, regenerationAcost, etc. The optimal control of the tem-
perature, T, which maximizes the objective functional Eq. (11)
subject to Eqs.(4)-(9) according tb maximum principle, is treated.

4, Maximum Principle

A Hamiltonian is defined by the following function;
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H=ZLX £, +ug | (12)
1 .

where fi and g are Eqs.(4)-(9), and Ai and u are adjoint

variables defined below,

3, . o

= - (13)
9T . axA
9p . 3 (14)
aT BxB 7
Ne - . M | . (15)
9T axC
a8 anC
Eqs. (13)-(16) have to satisfy the boundary conditions,
A (14,00 = (0,1,007 , u(r,0.) = p (17)

For T to be optimal when T is unconstrained, it is necessary that,
— =0 L (18)

When T is constrained as T, < T < T* , it is necessary that

Eq.(12) is to be a maximum with respect to T.
5. Algorithm for an Optimizaiton with Fouling by Coke Deposition

To determine an optimal temperature, it is necessary that
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the simultaneous partial differential equations (4)-(9) and
(13)-(16) may be solved with the boundary conditions, while

Eq. (18) is satisfied. 1In the procedure the coke accumulation
had to be taken into account and also change of the catalyst
‘activity along the reactor was taken into consideration. The
algorithm presented by Ogunye and Raylz) might not be applicable
to the reactioﬁ accompanied by coke deposition. A control
vector iteration method was chosen that was based on a gradient
technique in spatial, z-direction and in temporal, 8-direction
based on the extremal techniqueg). The flow chart of the calcu-

lation is shown in Fig. 1.
6. Results

Firstly it was assumed that at an initial process time,
coke content was zero, nC(T,O) = 0.0, that a run was started
with new or completely regenerated catalysts, and that pure iso-
pentane was suppliéd from the inlet of the reactor, x(0,8) =
(1,0,0)T. The upper limit of the reactor temperature was kept
at 900°C, because of the experimental conditions. The economic
parameter p in Eq.(llj and the final process time ef were chosen
1.0 and 130 min, respectively. The partial differential equa-
tions were numerically integrated by the Runge-Kutta-Gill method,
the spatial direction was divided into 50 intervals and the time

axis divided into 26 intervals.

6.1 Ideal optimal reactor



Start

lRead datal
Guess py, T

)

Set process time = 0
N

o'

Calculate reaction rates

'

\

With boundary condition integrate
Egs. (4) - (9) and Egs. (13) - (15)

\

A | . |
oH _ ?\ ~ Yes.
| { ~ 0 % Calculate Eq.(16)

No
a Make a correction in T | 0 =0 + AD
by a gradient method
No
_/ -
(I8 =6 f>
Make a correction in No \
by an extremal method — B=p 7 >
: . \_j .
‘ End

Fig.1 Flow chart of the calculation steps for
optimal control pollcy
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The ideal optimal reactor was defined as a reactor that
has both ideal temperature profiles along the spatial direction
of the reactor and with optimal histories in the temporal
direction. The algorithm was applied to the optimization
problem of the ideal optimal reactor. The space times chosen
were 1.8, 2.4 and 3.0 sec. Fig.2 shows that the conversion of
isopentane for épace time 3.0 sec is almost constant as reported
by Chou et al.z), CroweSy, etc., for a first order irreversible
reaction using an isothermal optimal reactor, which has an optimal
temperature history with process time. The best yield of iso-
pentenes is obtained from the reactor at space time 3.0 sec,
while the best yield of isoprene is obtained from that at 1.8
sec among three ideal optimal reactors. The conversion of iso-
pentane for 2.4 sec and 1.8 sec slightly decrease as the process
time proceeds because ofvthe upper temperature limit. As can
be seen from Fig. 3, the ideal optimal reactors have rising tem-
perature profiles toward the upper temperature limit, and the
coke content increases from the inlet to the outlet of the re-
actor. Significant increases of the temperature profiles are

recognized with the shorter space time.
6.2 Isothermal optimal reactor

" For the optimal control of the isothermal reactor, the
control variable is a reactor temperature and it varies .according
to an optimal control history. The gradient method was modified

as follows;
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T
)|
o 9T(6)

T(8) = T(8) + € S dr (19)
where € is a step size factor. The optimal policy is rising
temperature history. The conversion and the optimal policy
are shown in Fig. 4. The changes of the coke content profiles
with process time are shown in Fig. 5. The conversion of iso-
pentane and the yield of isopentenes decrease gradually, while

that of isoprené increases.
6.3 Multi-bed reactor

The multi-bed reactor system is shown in Fig. 6. Each re-
actor is isothermally and also optimally controlled with process

time. The reactor length is L;
L= ZIL. ’ (20)

where Li represents the i-th bed length. The boundary conditions

of state variables x from bed to bed are given by,

x. .(1t.,0) = xi,j+1(Tj’0) ’ (21)

and the discontinuities in the adjoint variable from bed to

bed are also given by,

}‘i,j(Tj’O) = )\i,j+1(rj’0) (22)

The control correction for i-th bed temperature is made by the

‘same gradient method as for the isothermal optimal control,
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T. .
J+1
l<) dt (23)

T.(6) = T.(6

T,
J

In this example the bed nﬁmber and space time were chosen 2 and

3 sec, respectively. The ratios of the bed length were chosen,
A) Ll : L2 =1 : 4, (B) L1 : L2 =1 : 1 and :(C) Ll : L2 =3 : 1.
As can be seen .from Fig. 7, the conversion of isopentane 1is
almost constant independent of the ratios of the bed length. As
shown in sections 6.1 and 6.2, the yield of isopentenes decreases
and the yield of isoprene increases gradually as process time
proceeds. In Fig. 8 the profiles of the conversion and coke
content are shown at process time 70 min for reactor (A). On
the first bed coke deposited scarcely, and on the second bed it
deposited considerably. »The reactor (C) gives the best yield

of isopentenes and the best catalyst activity at the process time

130 min as shown in Fig. 9 among three kinds of multi-bed reactor.
6.4 Comparison among the three types of the optimal reactor

As can be seen from Figs. 2, 4 and 7, the best yield of iso-
pentenes is obtained by the ideal optimal reactor at space time
3 sec, while tﬁe bést yield of isoprene is obtained by the
ideal optimal reactor at space time 1.8 sec. The coke content
profiles ihcrease from the inlet to'the outlet of each reactor
at any process time. The average coke content which is a
measure of the catalyst activity is shown in Fig.9. The average

coke content is defined by the foilowing equation,
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‘Tf
nc(e) = SO nC(T,e) dx'/rf (24)
The average coke content of the ideal optimal reactor is
approximately 20% less than that of isothermal optimal reactor
at the end of the process time. The multi-bed reactor (C) is
almost equivalent to the ideal optimal reactor in the con-
version and the average coke content, though the profiles of
the coke content are different from each reactor. The iso-
thermal optimal reactors have a rising temperature history,
while the multi-bed reactors do not always have a rising temper-

ature policy.
Conclusion

Using the algorithm the optimal temperature policy was
evaluated for three kinds of reactors ( ideal optimal reactor,
isothermal optimal reactor and multi-bed reactor ) in dehydro-
genation of isopentane with deactivation by coke deposition,
which was represented by a distributed parameter system. The
isothermal optimal reactor has a rising temperature history.
The ideal optimal reactor has rising temperature profiles in
the spatial direction and the temperature at the inlet of the
reactor decreases and that at the outlet increases towards the

upper temperature limit as the process time proceeds. The multi-
bed reactor (C) gave the best con?ersion of isopentane and the

average catalyst activity among three types of the multi-bed
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reéctors. The besf yield of isopentenes is given by the ideal
optimal reactor at space time 3.0 sec, and the conversion of iso-
pentane is almost constant. Though the profile of the coke

. content is different between the ideal optimal reactor and the
multi-bed reactor, the multi-bed reactor (C) shows little differ-
ence in the conversion and the average coke content. The ideal
optimal reactof has approximately 20% less average coke content
than the isothermal optimal reactor at the end of the process
time. One interesting result is that constant conversion appears
to be the optimal policy even though‘this system is much more
complicated than the very simple ones in which it can be shown

aﬂalytically that constant conversion is the best policy.
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Notations

rate of i-th chemical reaction [wt%/sec]
rate of coke deposition [mg-coke/g-cat.min]
hamiltonian defined by equation (12)

objective functional defined by equations(10) and (11)

reactor.length [cm]
i-th bed length : [cm]
reaction rate constant [1/sec]

coke content at a point m from the inlet o
of the reactor [mg-coke/g-cat.]

average coke content

economic parameter in equation (11) , [-]
rate of i-th chemical reaction [wt%/sec]
rafe of coke deposition [mg-coke/g-cat.min]
temperature [°K]
state variable [wt$]
decay constant [g-cat./mg-coke]

adjoint variables defined by equations (13)-(16)
conversion factbr[mg-coke-g-feed-sec/g-cat,g-component-min]
space time [sec]
activity factor defined by equation (2)

process time [min]
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Subscripts

A = isopentane

B = isopentenes

C = isoprene

m = number of division along the reactor
n. = coke

f = final

0 = initial

¥ = limit

Superscripts

- = average
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Chapter 4

Optimal Operation of a Catalytic Reactor
with Catalyst Fouling



Introduction

As shown in a previous chapter, in a catalytic reactor,
the selectivity and yield of products usually decrease with

catalyst decay2’4'7’14s17’19'21).

The kinetics of reaction and
the mechanism of deactivation have been investigated for
reactor designé and optimal operation. The parameters of re-

action modelss’6’14’19) 3,11,13,18) have

and optimal policy
“been calculated under the assumption (quasi-steady state) that
the rate of the decay or coke deposition should be negligible
compared with changes of reactant in the reactor. For the
optimization problem, simple reaction models have been used for
the sake of the calculation, the analytical treatment and so on.
Recently Jacksong), and‘Ogunye and Ray15’16) derived a dis-
tributed maximum principle and presented computational algo-
rithms for an optimal control of decaying reactors using the
quasi-steady state assumption. Ogunye and Ray16) also applied
their algorithm to a vinyl chloride monomer reactor and solvedv
the problem of the optimal catalyst loading. These studies have
mainly been concerned with mathematical models and computer-aid

simulation. There were a few investigatorsl’lz)

who attempted
optimal controls experimentally. - Newberger and Kadleclz) have
treated the optimal control of the saponification of diethyl
adipate by using a multi-bed reactor.

In this chapfer,-the fouling of the dehydrogenation of iso-

pentane was investigated. The kinetic model proposed was used

-96-



and the reaction rate constants and decay constants were evalu-
ated under the assumption. By the distributed maximum principle
an optimal temperature history of an isothermal reactor with
time was studied numerically. By using an isothermal reactor

.+ that was manipulated as an evaluated optimal temperature, the
reaction of dehydrogenatién of isopentane was examined experi-
mentally. The‘observed tonversion and coke content were com-

pared with the evaluated.
1. Experimental

1.1 Dehydrogenation of isopentane

The catalysts were commercial chromia-alumina pellets (N-401A,
Nikki Chem. Co.,) whose original size was 5 mmé¢x5 mm. The
catalysts were crushed and sieved to 16-32 mesh and were calcined
in an air stream at about 550°C for at least 3 hours. A flow
diagram of the experimental apparatus is shown in Fig.1l. The
reactor was made of a stainless steel tube of 11 mm I.D. by 1200
mm long and thé detail of the reactor is shown in Fig.2. An
electric heater was used for isothermal experiments. As a
heating pipe, four porcelain grooyed‘bobbines, I.D. about 30 mm
~and 250 mm long, which were connected in series by a copper tube
0.D. about 30 mm, were used, and on the porcelain bobbin two"-
kanthal wires were wound in parallel at intervals of 3 mm and
it was insulated with asbestos. On it another kanthal wire was

wound at intervals of 5 mm, and also it was insulated with
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asbestos. The inner wire was for a P.I.D. controller (4031-
1166-A84,Yokogawa), and the outer was for a subheater. For
the optimal temperature controls a programmer (PGS-2160-
Tll, Yokogawa) was set on the P.I.D.. An alumel-chromel ther-
mocouple, 1 mm O.D., was positioned along the axis of the
reactor to measure the temperature of the catalyst bed and
another thermocouple was placed in the heater between the porce-
lain and the copper tube, these temperatures were recorded
continuously. The reactor had a 150 mm long uniform tempéra-
ture section and was kept at isothermal conditions (+ 1°C) by
the controller.

| The reagent used was ultrapure grade isopentane. When the
reactor reached a given temperature, nitrogen gas was replaced
by the.feed gas of a definite composition of isopentane (0.0014
mole/min) diluted with nitrogen (0.0084 mole/min). A space
time was defined by Z/UG based on the space velocity at 300°K.
The total effluent from the reactor was passed through the
heated (at about 50°C) gas sampler (HGS-2, Shimadzu) and ana-
lyzed on line by a gas chromatograph. The components were iso-
pentane, isopentenes (2-methyl 2-butene, 2-methyl 1—butene,.3-
methyl 1-butene) and isoprene and they were separated in a

column containing 15 % B-B'-oxydipropionitrile on a-alumina.
1.2 Measurement of coke content

After a specified process time of a reaction run, the

catalyst bed was divided into equal sections of about 1.0 g
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along the reactor. The catalyst of each section was drawn

out separately by a vacuum line. The coke deposition on the
catalyst was determined in a thermogravimetric balance by
burning off the coke with air at about 600°C. An average coke
content of the m-th section from the inlet of the reactor was
denoted by Hﬁmf A coke content, n_.» was given as an arith-

metic mean of n n_.
cm-1 and ncm

1.3 Measurement of axial concentration profiles

As the reactor used was differenf from that used in the
first chapter, at three temperature levels (512, 536, and 560°C),
isbthermal experiments were done. Typical results for the
space times 0.6, 1.2 and 1.8 sec ( about 6 g-cat) are shown
in Figs. 3-5. Fig. 3. shows that the conversion of isopentane
and the yield of isopentenes decrease rapidly and the yield
of isoprene falls gradually with process time. The profiles
of the conversion, the yields and coke contents along the
reactor are shown in Figs. 4 and 5. Figs. 4 and 5 show that
the coke contents are distributed along the reactor and the
deactivation of the catalyst is not uniform through the re-
actor, and the reaction rate and the decay constants must be

treated as a distributed parameter system.
2. Kinetic model

The effect of the reactor on the conversion and the coke

-101- -
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Conversion of isopentane and yield of products (wi%)

key
Isopentane | O
Isopenteney O
Isoprene A o)
- | Coke o

Z;L___;£=ar:£§————”"‘ﬁcs

| 1
0.6 12 1.8
Space time  ( sec)

Fig.4 Profiles of products in the reactor
( isothermal operation )
Reaction temp. = 536°C
Process time = 70 min
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Conversion of isopentane and yield of products (wt%)

key

Isopentane | O
Isopentenes | O

- Isoprene A
Coke @

.-A./»A/A

0.6 1.2 rg 0
Space time (sec)

Fig. 5 Profiles of products in the reactor

(isothermal operation )
Reaction temp. =536 C
Process time = 130 min
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content was examined using the same kinetic model that was
shown in the first chapter.

The dehydrogenation of isopentane with chromia-alumina
catalyst was used for this study of the optimal temperature
policies with catalyst fouling. The following reaction model

had been proposed in the first chapter as follows;

r

A L s 3 SIS
(isopentane) k1 (isopentenes) k3 (isoprene)
Ty | K rs/ kg
D _ ' E
(others) (coke)

The overall disappearance of isopentane is the sum of individ-

ual step 1, 2. Each step is first order in the reactant;
=1y rr, = - (kg k) x, (1)

The overall appeérance of isopentenes is given as the difference
of step 1 and step 3, 4. Each step is also first order reac-
tion;

Tg =T -~ Tz - T, = kle - ( k3 + k4 ) Xp (2)_

That of isoprene is given as the difference of step 3 and

step 5, that is;

Te =T, - Tg = k,x, - k.x (3)
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- That of coke formation is expressed in terms of step 4 and 5;

T =T, *+ 1. = k4XB + ksxC (4)

3. Evaluation of reaction rate and decay constants

On the basis of the assumptions that the reactor is in
plug flow, and that the intraparticle and interparticle mass and
heat transfer is negligible, four coupled continuity equations

are derived for the reaction partners.

0X ax
9Xp » 3%y = ¢ (5)
30 Caz A ,
90X . ax
Xp 4 u2Xp =y (6)
20 Gy, B
29X X
Xe vy X = p (7)
30 Gy, C

‘EEC C o= vrn (8)
90 c

The fact that the space time scale is much shorter than the
process time scale for catalyst decay by the coke deposition
suggests the assumption of the quasi-steady state is valid.
So that Eqs. (5)-(8) are reduced to the following simultaneous
partial differential equations;

9X
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;:B = kle - ( k3 + k4 ) Xg = fz (10)
9X _ _ -
N = kst ksgc f3 (11)
T
an R =
o =v ( k4xB + kst ) = g (12)
with boundary conditions;

X (0,0 ) = ( Xynp Xons Xan )L, n. (1,0) =n_  (13)

’ AQ’ “B0’ "CO O o ’ co

Eqs.(9)-(12) represent a distributed parameter system,
but it is impossible to obtain kinetic parameters directly.
For changes of a reaction rate constant, the following relation

is used4’7’21)

(14)

where kio is an initial rate constant at zero coke content and
¢. is an activity factor. Several functions for the activity

i
4,7,17,19)

factor have been presented For the relation between

coke content and the rate constants, the following function14)

was postulated,

(bl =1 - ai n'c ( ,0 ) (15)

where as is a decay constant and ncﬂis the local coke content.
Eq.(15) was substituted into Eqs.(9)-(12) and they were

numerically integrated by the Runge-Kutta—Gill method taking
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into account the coke accumulation. A set of best-fit para-

meters was obtained by minimizing the objective function below,

A .2 A 2
vt ELoCxgp = X5 ) * n_(Mcjk ~ Mgy ) (16)

-
k
where Qijk and Xijk are the observed and the calculated values

of i-th component at space time Tj and at process time ek, and
ﬁcjk and ncjk are those of coke content then, respectively.

And W and w ~are weighting factors for i-th component and

for coke, résgectively. On theoretical grounds these weights
should be inverses of the variances of the measurement errorsg)
and in this case suitable values were chosen by a trial and crrors
method. Evaluated rate and decay constants are shown in Table 1.
There are four different'a's, so this system is of the selective

2,7)

aging type The decay constants for the step 3 and 4 were

found to be zero.

4. Theoretical treatment of optimal control of the reaction

with catalyst decay

4.1 Objective functional

An optimization problem to maximize the total amount of
reaction product, isopentenes, and simultaneously to minimize
“the coke contents that account for the catalyst decay is

treated as maximizing I,
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0 T
. f f
I = So xB( Tf,e ) de - p‘SO nc( T,Gf ) dt (17)

where p is an economic parameter that accounts for the catalyst
cost, regeneration cost, etc. The optimal control of the tem-
perature, T, which maximizes the objective functional Eq. (17)
subject to Eqs.(9)-(12) and boundary condition Eq.(13) accord-

ing to maximum principles, is treated.
4.2 Maximum principle
A Hamiltonian is defined by the following function;
H=1If. +ug (18)

where fi and g are Eqs.(9 )-(12), and Ai and p are adjoint

variables defined below,

Ay 8 | (19)
T axA
By o . 3H (20)
0T | axB
¢ - . M (21)
9T axC . .
.o 22)
a6 anc

Eqs.(19)-(22) have to satisfy the boundary conditions;
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AA( Tes 8 ) 0.0

Ao( 16, 86 ) = 1.0
B f (23)
AC( Tes 8 ) =0.0

U(T,ef)=p

For T to be optimal when T is unconstrained, it is necessary

that;
=0 (24)

*
When T is constrained as T, < T < T , it is necessary that

Eq.(18) is to be a maximum with respect to T.

4.3 Algorithm for an optimization with fouling by coke depo-

sition

To determine an optimal tempefature, it 1s necessary that
the simultaneous partial differential equations (9)-(12) and
(19)-(22) may be solved with boundary conditions, (13) and
(23), while Eq.(24) is satisfied. In the procedure the coke
accumulation had to be taken into consideration and also
changes of catalyst activity along the reactor was taken into
account. A control vector iteration method proposed in the

preceding chapter was chosen that was based on a gradient tech-

nique in spatial, z-direction and in temporal, 6-direction
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based on the extremalvtechniquelo).

4.4 The results of the theoretical optimal operation

Although the algorithm is applicable to the optimization
problem with ideal temperature profile along the reactor and
with optimal history in temporal direction, here the calcu-
lation of optimal operation of an isothermal catalytic reactor
was worked out to enable a comparison of the calculated and
the experimental_values. For the optimal control of the iso-
thermal reactor, the control variable is a reactor temperature
and it only depends on process time. It is necessary to
éafisfy Eq.(24) through the reactor, but for the isothermal
reactor, Eq.(24) will not always be satisfied because the re-
actor has activity distributions by coke profiles. For a

decision of a convergence to optimal, Eq.(24) was modified as

follows,
T
£ 5n
S M 41 = 0.0 (25)
o 0oT

and the reactor temperature has been corrected in the gradient
method by the equation below,

Tf

T(8) = T(8) + eS !

o 9T(8)

dt (26)

where € is a step size factor.

The economic parameter p in Eq.(11) was chosen 4.5, 5.5
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and 7.5. The_final process time ef, and the space time Tes
were chosen 190 min and 1.8 sec, respectively. We supposed
that at an initial process time, coke content was zero, nc( 7,0 )
= 0.0, that a run was started with new or completely regen-
erated catalysts, and pure isopentane was supplied from the
inlet of fhe reactor, x( 0,6 ) = ( 1,0,0 )T. The upper limit
of the reactor temperature was kept at 900°C, because of the
experimental conditions. In Figs. 6,7 and 8, the evaluated
optimal temperature, the conversion and the yields were shown.
The gradients of the temperature slightly increased near the
end of the run. As the values of p increase, the conversion,
the yields and the coke contents decrease. The changes in
the coke contents along.the reactor are shown in Fig. 9. The
conversion and the yields along the reactor are also shown in
Fig. 9.

In the Runge-Kutta-Gill method, the spatial direction was
divided into 50 intervals and the time-axis was divided into
36 intervals. To determine an optimal policy required only
five iterations in time-axis and it required 15 min on a NEAC

2200/700 ( at Osaka Univ. Calculation Center ).
5. Optimal operation of experimentél reactor
Experiments of the isothermal optimal reactor have been

carried out according to the evaluated optimal temperature

history.

-113-



‘anjeA pajejnajen
G’V =d 295 g1 = oWl odeds

( jo41u00 jewndg ) eep jeyuswidadxa [eaidAl 9 *bi4
( Ulw) § 8awi} Ss8%04d

005 |

(Do) 8J4njedadwa) uoroeay

061 05T 00T 05 0
Ve ——V—V—V—V—V V_
| —~
L
ovs - © e 02

089

\Y4 9Us.100S]
© | sausjuados|
O | suejuados]
oy |

09

(% ) sponpoad Jo pjalf pue auejuados| Jo UOISIBAUO)

-114-



( Do ) @Jnjedadwa) U0IOLIY

0¢s

099

089

¢

an|eA pajejnoje) ¢

¢ =d 295 Q'T =awp adeds

( [0o4uod fewndo ) ejep |eyuswitadxs [eajdAL [ 614

061

( uw )
05T

0

oW} SS8dold

\V4 aua.dos]
© | ssusjusdos]
O auejuados]
AoY)

09

(% W) spnpodd jo piaIk pue auejuados| jo UOISIIAUOY

-115-



( Do) @injedadwad] uoijoeay

anjeA peiejnafe)
¢'J=d 285g°|=auwy 9%RdS
| [oJyuod jewndo 8 "bi4

(UlW) @ 8wy SS8204d

06l 04l 00l 04
1 T 1 |

mce%m__
024

sauajuados
obs

auejuedos]

09s I

o
N

o
q

o
O

(%im)
syonpo.d jo pjaik pue auejuedos| Jo UOISIBAUO)

-116-



Conversion of Isopentane and

yield of products ( wt % )
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Fig. 9a Profiles of products in a reactor
( Optimal control )  p=4.5

Process time = 70 min
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Conversion of Isopentane and

yield of products (wt % )
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Fig.9b Profiles of products in a reactor
( Optimal control ) p=4.5

Process time = 130 min
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On preliminary experiments differences in the temperature
between the heater and the catalyst bed were examined. The
calibrated temperature profiles were written on resistance
sheets of the programmer.  The reactor temperature was manipu-
lated by the programmer controller and was controlled by the
P.I.D. within + 2°C from the optimal. The reaction products
-were analyzed by the previous method and the observed conver-
sion and the yield of the reactor vs. process times were shown
in Figs. 6 and 7, and the profiles of the reactants and the
coke contents along the reactor are éhown in Fig. 9 at the -
specified process times.

- Some differences were found between the observed and the
calculated values near the end of the process time. It was
paftly owing to fluctuations of the temperature controlled
from the optimal profile, and to that the system had a very

complicated process of coke deposition.
Conclusions

The dehydrogenation of isopentane was experimentally
carried out at three isothermal levels of temperature, and the
reaction rate and decay constants were evaluated as a distribu-
ted parameter system. The deactivation kinetic was of the
selective aging type. From the kinetic modei, isothermal op-
timal policies were obtained numerically by a distributed max-

imum principle. On the basis of the evaluated optimal policies,
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thé dehydrogenation of isopentane was carried out experimentally.
The observed profiles agreed with the calculated ones fairly
well. It was verified that the kinetic model obtained from
isothermal experiments was. useful for predicting unsteady opera-

tion and isothermal optimal control policies.
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Notation

rate of i-th chemical reaction [wt%/sec]
rate of coke deposition [mg-coke/g-cat.min]

hamiltonian defined by equation (18)

objective functional defined by equation (17)

reaction rate constant _ [1/sec]
lumped reaction rate constant [1/sec]
coke content at a point m from the inlet

of the reactor : [mg-coke/g-cat.]
average coke content [mg-coke/g-cat.]
economic parameter in equation (17) [-]
rate of i-th chemical reaction [wt%/sec]
observed coke deposition rate [mg-coke/g-cat.min]
temperature [°K]
state variable [wt%]
observed yield and conversion [wt%]
linear velocity of reactant , [cm/sec]
distance along reactor length [cm]

Greek letter

decay constant [g-cat./mg-coke]

adjoint variables defined by equations (19)-(22)

conversion factor )
[mg-coke g-feed sec/g-cat.g-component min]

space time [sec]
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¢i = activity function defined by equation (15)

by = objective function defined by equation (16)

] = process time [min]
Wy = weighting factor- [-]
Subscripts

A = isopentane

B = isopentenes

C = isoprene

m = number of division along the reactor

n_ = coke

f = final time

o = initial time

* = limit

Superscripts

- = average

~ = observed
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Summary

This thesis is carried out to clarify the reaction kinetics
and deactivation mechanism of the reaction subject to catalyst
decay, and sequently using the results to investigate the
problem of the optimal temperature control.

In the first chapter, a reaction kinetics and deactivation
mechanism are studied for isopentane dehydrogenation over
chromia-alumina catalyst. A kinetic model in which isopentane
dehydrogenation takes place in a conéecutive reaction (isopentané
+ isopentenes + isoprene) and coke formation is via both iso-
péntenes and isoprene is proposed on the basis of the experi-
mental results. The catalyst aétivity is found to be propotion-
al to coke content and the decrease of the kinetic parameter
is expressed by a linear function of the point coke content which
represents activity profile in the reactor. The kinetic parame-
ters are determined by a non-linear least square method in a
distributed parameter system. Applicablity of the reaction
kinetic model is confirmed by the comparison of a wide range
of experimental results with the calculated values.

In the second chapter, the effects of the intraparticle
diffusion on the conversion and coke content in the reactor are
investigated using several catalyst sizes. During the reaction
coke content in the catalyst pellet increases uniformly. The
observed effective diffusivity is found to be a linear function
of the point coke content. The apparent diffusivity is deter-

mined by minimizing the variences between the observed conver-.
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sion and the calculated, using a hill climbing method. The
difference between the apparent and the observed diffusivity

is recognized. Effects of the catalyst size on the conversion
and coke content profile in the fixed-bed reactor are explained
by the proposed model.

In- the third chapter, an algorithm is presented for calcu-
lation of optiﬁal policy of the reaction subject to catalyst
decay. The problem of the optimal temperature control of the
reaction 1s investigated for three kinds of reactors, that are
an isothermal, a non-isothermal and a.multi—bed reactors using
the kinetic model and the parameters obtained in the first
chépter. One interesting result is that constant conversion
might be the optimal policy even though this system is much
more complicated than the very simple ones in which it can be
shown analytically that constant conversion is ihe best policy.

In the fourth chapter, the optimal operation of the reactor
with deactivation is studied experimentally using isopentane
dehYdrogenation. The optimal isothermal policy for the system
is a rising temperature opération with process time i.e., un-
steady state operation. The reactor temperature is manipulating
as the calculated optimal policy. The observed conversion and
coke content in the reactor agree fairly well with the calculated,
which concludes that the kinetic model obtained from isothermal
experiments is useful for predicting unsteady operation and
optimal control policies.

The present results are applicable substantially to any

type of catalytic reactor with deactivation.
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