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ABSTRACT

4

The product distributions, kinetics and catalyst mort-
|

ality of the reforming reactions of n-octane; iso-octane énd
methylcyclopentane  (MCP) were investigated on constant and

- ‘ ) '
variable activity Pt/Al,0, and Pt-Re/Al,0, catalysts. The

1

Berty CSTR was used for data collection at total pressure of

-

tatm, various reactant and H2 diluent partial pressures, W/F

and temperatures, depending on the reactant.

—

The dehydrocyclization of n-octane on O.B%Pt/AlZOB;
catalyst was investiga;ed at temperatures between 400°C énd
460°C in H,. The products of the reaction were: hydrocr%cked
products, iso-octane, ethylbenzene, m-xylene, p-xylene,;o-xylene
and toluene. Experimental dat; showed that the yields df
cracked products and aromatics generally increase with éncrease
in W/F and temperature, but the aromatic vield decrease? with
increase in n-octane partial pressure. Results obtaine? wit@
varying hydrogen partial pressures showed that, at constant

temperature, the total conversion and the yield of aromatics
each passed through a maximum. | ;

‘ Aﬁothér nﬂécténe isomer {1,1,3- trimethylpentane) was
the sole product of the reaction of 2,2,4 trimethyl-peﬁtane
(iso—octanej on Pt/A1203 catalysts at temperatures bet%een

390°C*and 430°C, The conversion of iso—-octane on O.G%Pt/A1203

catalysl was found to be approximately the same as thét

~obtained with 0.3%Pt/A1203 catalyst at the same COndiﬁiOns.

The reactions of MCP on O.B%Pt/A1203 and 0.3%Pti0.3%
Re/Al,0, catalysts were studied at temperatures betweLn 370°C
[

and 410°C and MCP partial pressures between 0.058atm ‘and

~ea, .
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0.1816atm. At these conditions, the products of reaction were: |

hydrogenolysis products, cyclohexane and benzene. The benefi-
I

cial effect of rhenium in Pt-Re/A1203 catalyst was clear from

the total conversion and benzene yield obtained with Pt-Re J

Experimental results showed that the

t

/A1203 (DRIED) catalyst.
total conversion and beﬁzene yield obtained with the Pt'-Re_/Alzo3
(DIRED) catalyst was  about 1.5 times greater than that obtained?
when the bimetallic'catalyst was not dried before reduction. {
In addition to the high conversion and high benzene yield, the i

dried bimetallic catalyst was found to be more stable than i.

both the Pt/Al,0, catalyst and Pt-Re/Al,0, (UINDRIED) catalyst.

P,

" Mechanistic kinetic equations of these reactions were

developed on both steady and unsteady state catalyst Surfaces.t

The development of mechanistic rate equations for the steady
state kinetics of n-octane conversion was based on the mecha-
nisms obtained from the modified reaction network proposed by

1

! . . : L
Ako and Susu” .. Nineteen rate eguations were derived and dis- |
crimination among rival models was based on positiveness of {
: ‘ r

rate and equilibrium constants, on the goodness of fit and also

|
on the increase of the value of the rate constants with increase
1
i
i
were based on: !

in temperature. The rate models that best fitted the data

1. "Dissociative'adsorption of hydrogen and conversion of
adsorbed n-octane to adsorbed isc-octane as rate limitiﬁg

step (Egn. 3.1.5). :

2. Dissociative adsorption of hydrogen and desorption of

adsorbed iso-octane (Egqn.3.1.6).
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3. Dissociative adsorption of hydrogen and conversion of |

adsorbed iso-octane to adsorbed ethylbenzene as rate

limiting step (Egn.3.1.7)

4. Dissociative adsorption of hydrogen and conversion of
’ |

adsorbed iso-octane to adsorbed o-xylene as rate limiﬁing

!

step (Eqn.3.1.8) i
I !

S Molecular desorpticn of hydrogen and conversion of ;
adsorbed n-octane to adsorbed iso-octane as rate limiiinq

+
t
!
F

step (Egn.3.1.13)
, |
Good fit and positive valugs of rate and equilibrium const§nts
were obtained when model Egns.(3.1.7) and (3.1.8) were useé
to predict the-cpnversion obtained with varying hydrogen g
partial pressurés at constant temperature. | I
fhe kinetic rate equations for the isomerization of &so-
octane in the absence of coking (steady-state kinetics) w%;e"

derived on the basis of the generally accepted mechanism ﬁor

i
skeletal isomerization. The rate models that best fitted the

4

data were based on: .
i
1] t;
1. Reaction of adsorbed unsaturated iso-octane on the :
"acidic site to adsorbed iso-oct@ne as the rate deter-

mining step {(Egn.3.1.25)

]

2. Desorption of iso-octene from the acidic site as the

rate determining step (Egn.3.127).
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Kinetic raﬁe equations for the aromaéiéation of MCP in
the absence of coking (steady state kinetics) were derived
on the basis of the reaction network proposed by this author
(see chapter 6, section 6.1.3). Eleven rate eqﬁations were
derived and tested. Five out of the eleven models satisfied
the set criteria‘when Pt/A1203 catalyst was ﬁsed for the

conversion of MCP, The five rate equations that best fitted

the data were based on: !

1. The rate model is based on the dehydrogenation of
adsorbed methylcyclopentane as the rate determining

step (Egn.3.1.44)

2. The rate model is based on the conversion of adsorbed

methylcyclopentene to adsorbed olefinic hydrogenolysiq

products as the rate determining step. (Eqn.3.1.,46)

3. The rate model is based on the hydrogenation of adsorb
olefinic hydrogenolysis products to adsorbed hydroge-

nolysis products as the rate determining step (Egqn.3.1

4, The rate model is based on the hydrogenation of adsorb

|

1
L

. 48)

ed

cyclohexene to adsorbed cyclohexane as the rate deter-

mining step (Eqn.3.1.49)

!

5. The rate model is based on the desorption of hydrogeno-

lysis products as the rate determining step (Eqn.3.1.5

0)

Using the Pt—Re/A1203(DRIED) catalyst,fhowever,

only two rate equations (Eqns 3.1.48 and 3.1.49) satisfied

the set criteria,

v
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For deactivation kinetic studies of Pt/A1203 cataliyst
iso-octane and MCP were used as reactants while for the |
deactivation kinetic studies of Pt—Re/A]_.203 catalyst only,
MCP reactant was used. The reactant and hydrogen partial
pressures were varied. To describe the distribution of pro-

ducts with time, an activity and a deactivation function of

—

the non-separable type was used. Model equations 3.2.11 an

r

3.2.19 were used to evaluate the constants of deactivation ﬂ

' |

at various values of n(0,1, and 2). \
Catalyst mortality experiments were also carried out

with all the reactants investigated. Seven deactivation -

regeneration cycles were carried out using iso-octane on fresh

Pt/A1203 while forty deactivation - regeneration cycles.were

carried out with MCP on the Pt/Al catalvst used previously

203
for the mortality study with iso-octane. Twelve deactivation-
regeneration cycles were carried out on dried and undried

Pt—Re/A120 catalyst using MCP. Two stability states, charac-

3
terized by the difference in the coke levels, were established
in the life of Pt/A1203 during the mortality investigation

with MCP. The transition from the first state to the second
state occured in the 6th cycle. The coke level in the first
state was about 0.045gC while the coke-level in the éecoﬁd

state was about 0.09gC. The coking levels of the reactants

investigated were in the ordexr MCP > N-Octane ~ Iso-Octane.

e
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alkanes can be. catalyzed by the metallic function only.

CHAPTER ONE

INTRODUCT.ION

The catalytic refoﬁning of naphtha is one of the|major

refinery processes designed to increase the octane number of

‘naphtha or to produce aromatics for the petrochemical industry.

In catalytic reforming several reactions occur simultaqeodsly:
isomerization, hydrogenation, dehydrogenation,dehvdrocycliza-

tion and hydrocracking. An undesirable side reaction that

occurs simultaneous with reforming reaction is coking.| The

reforming reactions have been widely studied on cnromia-alumina
and platinuﬁ - alumina catalysts using;different C6—C8 alkanes,
naphthenes and aromatics as model reacfions1_13.
fhe concept of bifunctional cataiysis consists of
combinihg two different functions in one catalyst. The
catalysf contains a metal which catalyzes (de) hydrogenation
reactions of paraffins into olefins or naphthenes into jaroma-
tics and an acidic function which catalyzes skeletal rearran-
gements of the olefins formed on the metal through carbocation
mechanisms. This picture seems to be consistent with the
macroscopic phenomena observed in the catalytic reforming.
However each of the two catalftic functions are known to
catalyze several of the reactions. For example, dehydrocycli—

zation, skeletal isomerization, closure and opening of five

and six membered rings as well as the hydrdgenolysis of| n-

Similarly the acidic function alone can catalyze ring opening,
i

ring closure, isomerization and ring expansion reactions.
{
i
i
§
t
I
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Paraffin isomerization can take place bn acid sites of
the Pt/A1203 catalyst and on the metal surféces of the cata-
lyst. . When isomerizatiop reactions are catalyzed by the acid
component of the catalyst, the mechanism is.,via a carbonium
ion intermediate, but requires a hydride ioh abstraction as

a first step as illustrated below for n-pentane1

T —_— . - -
CH3CH2CH2C‘H2CH3 + Hx ——— CHBCH2+CH.-CH2CH3+ X + H2 (11}
[
_.HB -
+ _-._—_'4 .
CH3CH2C£':I CH2CH3 S — CH3CH EH CH3 (2)
,CH3 .
s P—- ;
CH3 CH EH CH3 ——e CH3CHCH2CH2 CH3 {3)
+
_ CH,y
- [P,
CH3CKCH2CH2CH3 + H2+ X B ——— CH3CH CHjCH3 + Hx (4)

+

On the other hand, when isomerization reaction occurs
: | 16
on the metal component of the catalyst ; the paraffin splits
off two hydrogen atoms and adsorbs as an olefinic species.

Desorption without readdition of the hydrogen gives gas phase

olefin:

H H . H

| | |
H,CCH,CH,CH,CH,CH, + 4Pt === H_,)C-('f-jl - CH,=CH,-CH4* 2Pt

Pt Pt

————> 4Pt + H

_— CCH = CHCH2CH2CH3-+ H2

3

The above mechanism occurs when the paraffin concerned |has

two adjacant carbon,atoms. If the carbon atoms arfe not

PR
r
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"of methylcyclopentane has been considered at low hydrogen

adjacent, an alternative to desorption is the formation of
a new C- C bond leading to a five or six membered ring

' . 105-1vu7
species .

n-hexane —> Five membered ring — methylcyclopentane

Species o©n metal surface

Most of the earlier works on the dehydrocyclization of -

t
paraffins were carried out largely on supported non-acidic

metal oxide or metal catalysts in continuous vapor phase

|

reactors. The méchanisms of dehyrocyclization of normal and

branched chain octanes and trimethylpentanes are now reasonably

well understood on chromia - alumina. However, there appears

to be some controversy with regard to the mechanism of thest
aromatization reactions on platinum - alumina, especially

when the acidity of the alumina is retained1.

i

The kinetics of the isomerization - dehydroisomerization

pressure15. It has been suggested ‘that the rate limiting

step is the formation of intermediate methylcyclopentenes via

15
the reaction scheme:

MCP=
(H] =z (H]
MCP ———==[MCP"] > [R] ——> R
) k1 k2 .

in which the brackets refer to species on-the surface and

[R] represents gurface residue. Accordiné to this scheme,

methylcyclopentane dehydrogenates on platinhm sites to form

T
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methylcyclopentenes, which in turﬁ eitheﬁ desorbs or undergoes
further dehydrogenation and pqumerizatién reaétion to form

tﬁe residue [R]. The surface residue is;continuously beiné
removed by reaction with adsorbed ﬁydrogén to form gasecus
hydrocarbons. .Numerous.studies have shown that the selectivity
of platinum catalysts for the hydrégenolysis of MCP depends on

the structure of the catalyst17f18, on the reaction tempera-

ture17 as well as on the hydrogen pressuré.

In catalytic reactions, the catalysﬁ activity is not
always constant with time - on - stream. EIn industrial pJactiée
as well as in kinetic measurements, it is desirable to restrict
the variations of activities to the possible ﬁinimum. On the
other hand, a careful examination of the changes of the cata-
lytic activity may greatly contribute to a, better understanding
of catalytic phenomenon, which might be iméortant in the
operation of a commefcial plant and also in the future develop-
ment of more stable catalysts. In addition, a better underf
standing of catalyst deacti?ation could lead to catalyst of
loﬁger Iife and can contribute to the basic knowledge on active
centres and reaction mechanisms. According;to B. Delmon19
about 50% of the time of professionals working on research
and development in catalysis 1is devotéd to deactivation and
90% of the total expenditure concerns this éroblem.

Catalyst deacfivation can occur throuéh several routes
and the most common are impurity poisoning, sintering and
coking. Impurity‘poisoning is generally eliﬁinated by puri-
fication of the feed to levels below which eéonomic catalyst

activity of the catalyst is maintained for the expected
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lifetime of the catalyst. Sintering is theleffect of a very
High temperature on the catalyst whereby there is an agglo-
meration of the catalyst's active sites due!to the free mover-
ment of the active elements. This agglomeréﬁion of the'aétive
sites results in a loss of surface area and consequently,
reduction of available active sites for reaction. Sintering
of the catalyst is avoidable if the catalyst-is not eXpdsed

to excessively high temperatures. At the opérating corditions
of reforming reactéré, however, cataiyst deaétiﬁation due to
coke formation posses the greatest economic and technological
problems in petroleum refining and petrochemical industry.

Coking has the effect of covering the active sites of the

~catalyst and blocking the catalyst pores. Such coverage or

blockage makes the éctiVé sites inaccassible for reaction,
hence, there is a fall in the activity of the catalyst.

A deactivated catalyst is normally regenerated by burning off
the coke in air at a high temperature. Care-is.particularly-
excercised during the regeneration of the cokeq catalyst to
eliminate run-away temperatures during oxidatién. This is
assured by using 1oﬁ concentration of oxygen in an inert
stream (NZ) for oxidizing the carbonaceous residue on the
catalyst surface. Most studies indicate that dpke deposits
consist of hydrogen deficient mono and polycyclic aromatic
rings connected by aliphétic and alicyclic fraghentszo. The
rate proportion of each depends on catalyst reaétion system.
The groups are interconnected to form a.pseudoqraphitic
structure with different degrees of crystallinity and cross

1
linking which varies with reaction conditions. 'Hydrogen
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plays a key role in decreasing the rate of coke deposition
by hydrogenating unsaturated fragments and producing désorb~
able paraffinic fragments.

At the refinery the grédual loss in ac;iﬁity with time
on stream due to deactivation by coke is compensated for by
either decreasing the feed flow rate at a giQen temperature
and/or increasing the temperature to ensure specified product
quality. However, when the catalyst activitf falls belcocw an
economically viable level, the coked catalyst is regenerated
in an oxygen containing carrier gas. The cycle of deactiva-
tion and regeneration is repeated until the catalys; can no
longer be revived to an acceptable level of activity. At
this point, the catalyst is dead, and it is discaxded.

In an attempt to solve the problem of’catalyst moftality
by coking, the bimetallic plaﬁinum - rhenium alumina catalyst
(Pt—Re/A12031 catalyst was introduced to the reforming process
in 1969. Even though the life and the process condition
tolerance of the catalyst have been improved, the problem of
mortality is yet to be.eradicated. It is not ciear.why reform-
ing catalysts deactivéted by coke cannot be reused for as long
as the catalyst pelletts retain their mechanical properties,

From my discussion it has become compelling to investi-
gate more thoroughly the reforming reactions on monométallic
Pt/Al,0, and bimetallic Pt-Re/Al,04 using a model paraffin
(n-octane), a model isoparaffin (iso-octane) and;a model
naphthene (methylcyclopentane). As is obvious ffom the
literature survey section, these reactions have been littie
studied even on steady-state catalyst (constant acﬁivity

-
catalysis). No significant publication has addressed non
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steady-state catalysis (variable activity catalysis) of these
reactions. The only significant work on the mortality of

Pt/A1203‘and'Pt—Re/A120 catalysts was doné in our laboratory

3
and only addresséd catalyst mortality from the point of vie
of the metallic funcinn'(cyclohexane dehydrogenation to
benzene). For, if catalyst deaééiyation and‘mortality studies
are to enhance and extend our fundamental catalysis knowledge
and contribute to the prolongation of reforming catalyst
lifetime, the deactivation and mortality studies must be

investigated for those reactions where both catalytic functions

are important and several of the reforming reactions are

The selected model reactions satisfy thé*above criteria.
First, n-octane onversion includes dehydrogenaéion,.isomeri—
zation, dehydrocyclization and hydrogenation reactions that
reguire both the metallic and acidic functions1of the supported
platinum catalyst. Secondly isc-octane conversion further
enhances our knowlasdge of the complex n-octane reaction as
it contains a subset (isomerization) of the netﬁork of reac-
tions occuring during n-octane conversion. Thirdly, the
methylcyclopentane reaction is of special interest-because of
its enhanced propensity to_for coke formation. ?

" In order to understand deactivation catalysis, however,
it becomes necessary to thorovghly understand steé&y-state
kinetic behavior of each of th: reactihg sysﬁems éelected for
investigation; This is because the deactivation rate models
must contain kinétic parameters that match those of steady-

state kinetics at zero time as deactivation must start on a

surface at constant activity. ‘  ~-$5

'\.‘_‘
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In view of the above, therefore, our objectives for

this investigation are enumeratad below. They follow the

normal progression from the constant activity catalysis to

deactivation catalysis and finally catalyst mortality.

1.

To determine the product distributions of the
reactions of n-octane, iso-octane and MCP on
supported monometallic Pt/A1203 and supvorted

bimetallic Pt-Re/Al,0, catalysts.

To determine the influence of éhe process variables
(temperature, reactant partial pressure, hydrogen
partial pressure and W/E) on the product distris-
bution of the hydrqcarbons enumeratad above on:
steady (constan£ activity) and énéteady state

(variable activity) catalyst surfaces.

To develop mechanistic kinetic and deactivation
models for the enumerated hydrocarbon reactions

under investigation in this work.

To evaluate the rate and equiliﬁfium constants
of the models and hence the determination of the
activatioh energies and adsorption energies._

)
To investigate the principles of @eactivatioﬁ by
coking leading to the mortality of Pt/AlZO3.and
Pt—Re/A1203 catalyst and evaluate_the constants

i

of deactivation.
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CHAPTER TWO

2.0 LITERATURE REVIEW

}

The subject of this thesis relates :o the reactivity
of some hydrocarbons (n-octane, iso—octane and methylcyclo-
pentane) on bifunctional monometallic Pt/AlZD3 and bimetallic

Pt-Re/A120 reforming catalysts. These r2activity studies

3
were made on constant aétivity catalysts, i.e. catalysts on
which the activity did not change with time throughout the
pericd of investigation. They were élso studied on variable
éctivity catalysts i.e. catalysts on which coke was progre-
ssively deposited with time. Thus, ﬁhe literature review
must exhaustively discuss past works on this subject so as
to address the need for doing this work andlalso expose the
issues that were resolved as a result of this investigation.
Unfortunately, the issués addressed in this thesis
have been studied to varying degrees in the past although
some are little studied, especially with specific reference
to the partiéular systems studied. In the literature review,
therefore, we have elabo;ated on those works that relate
specifically to the.subjéct matter., Other re;ated works,
especially in the experimental investigations, were also

discussed for a thorough perspective on the same subject

matter.

2.1 Kinetic Studies on Constant Acfivity Reforming Catalysts

Kinetic studies are important for accurate reactor

design and also for understanding the phenomenon of catalysis.
. 1

The literature available on the kinetic studies of n-octane,

iso-octane and MCP will be presented in this section. Of the
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three compounds much more literature is available for MCP.

2.1.1 N-Octane

T
Generally, the literature on n-octane conversions on

Pt/A1203 catalysts are relatively sparce. However, Davis

4,9,22,23

et al ,Christoffel et a121 and Susu et al1 had done

some work on the kinetics of the dehydrocyélization of n-
octane. We shall now consider details of these contributions,

Davis and Venuto9 studied the dehydrpcyclization of
different C8 paraffin carbon skeleton structures using non-
acidic Pt/A1203 catalyst. A vycor glass reaction tube wound
with nichrome heater wire and fitted wi£h a thermocouple well,
a water cooled condenser, liquid collectof,.and glass flow

meters was used for the investigation. All the runs were

i

made at atmospheric pressure with no added carrier gas. The
hydrocarbon flow of 1.5 ﬁl/hr was used at a temperature of
482°C. The result of their investigation shows that the

aromatic products obtéined are those predictéd by a direct
six-membered ring closure. 1In all the cases investigated,
very small amounts of the isomers not expected for direct six-
membered ring closure were obtained. They explained the
probable source of the small amount of arématic isomers not

allowed by direct six membered ring formation to be from the

isomerization of the reactant by a small residual acidity,

not neutralized by the alkali prior to or during the cycliza-

tion step.

Davis and Venuto9 found that in contrast to the non-
acidic Pt/A1203, where more than 95% of the aromatic products

were those predicted by direct six member ring formation,the
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" conditions as described when non-acidic Pt/A1203 cétalyst

11
acidic Pt/A1203 catalyst produced more than 50% of the m

and P - xylene isomers. The acidic alumina did not cause

any appreciable xylene isomerization under the same react

was used. Consequently, they suggested that the aromatic
-k .

isomers, not allowed by direct six-member ring formation,

formed from isoparaffins which result from dual functional

catalytic reaction as shown below.

Adromatic (direct)

Paraffin

ion

dare

Davis24 working at the same reaction condition as

described above found no considerable variation in the o-

Olefin = l ™ 1350 Paraffin

xylene/ethylbenzene ratio as a function of hydrogen pressure.

He also observed that the selective amount- of O-xylene from

n-octane icreased:

(a) With decreasing Pt-loading of the catalys-t22

(b) With the poisoning of the catalyst with

thiophene23 .

{c) Yith increasing tin additionzg".z4

(d) If octanes and octynes were used as starting
hydrocarbonsz3.

Davis explained aromatizaticn by "direct" Cg ring

‘closure. .He offered an explanation'in Eerms of the electrohnic
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fzctor: when the catalyst is electron deficientf the proba-
bility of the adsorption of primary and seconda}y carbon atoms
would be almost equal (with o-xylene/ethylbenzene ratio being
nearly equal). Over cétalysts that are not very electron
deficient, the adsorption of secondary carbon atoms {and
hence, O-xylene formation) would predominatéZbeecause of the
lower bond energy of the secondary C-H bond. |

Christoffel and Paal21 studied the dehydrocyclization
of n-octane on O.35Pt/A1203 and 0.5 Pt/zeolite cataiyst. The
reaction was carried out in a pulse reactor, 32 carrier gas,
pressure of 18bar and temperature of 400°C. They revealed
that only Cg — aromatics (ethylbenzene and o—kylene) which
are expected from 1,6 ring closure are formed. The C5 - ring
naphthenes (which were also observed) will not react yielding

C.- ring naphthenes under the applied reaction conditions on

6
the Pt/A1203 catalyst. On the Pt/zeolite catalyst, however

the same C8'aromatic distribution is obtained which correspohds
to the thermodynamic equilibrium concentrations and no C5 -
ring naphthenes could be detected among the‘dehydrocyclization
products., They argued that, in contrast with the AléO3 -
carrier, the zeolite carrier sets up thermodynamic equilibrium
among C5 and C6— ring naphthenes. Since the zeolitg carrig

of the Pt/zeolite catalyst exhibits no rinq closure activity,
the rate determining steps in the reaction‘sequence should

be 1,5 and 1,6 ring closures on platinum.sites. Due to the
high (de) hydrogenation activity of the platinum by which

Ce- ring naphthenes are immediately dehydrggenated no Cgo -
ring naphthene intermediates will occur among the products|

1
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Susu et al1 investigated the dehydrocyclization of
n-octane to iso-octane, ethylbenzene, 0 - m - and p-xylene-
on monofunctional (non acidic) and bifuncticnal (acidic)
Pt/A1203 catalyst in a microcatalytic reactor with hydrogen
carrier at 1.8 atom and 300°C - 400°C. On bifunctional
Pt/A1203 catalyst, they reported that the total c¢onversion
of n-octane started from a high value and decreased with
increasing temperature for all the pulse sizes investigated.
The primary product of n—odfane conversion ¢on acidic P;c:/AIZO3
was iso-octane. The product yield - temperature orofiles
showed a large initial production of iso-octane which
decreased, to a minimum as the catalyst temperature increased

due to its conversion to ethylbenzene and o-xylene. On non-

acidic Pt/Al,0,, the total conversion of n-octane increased

initially and then went through a maximum as the catalyst
temperature increased. The primary products of reaction were
found to he éthylbenzene and o-xylene, indicative of th
activity of the‘metal to effect ring closure reactions.| The
authors suggested the following sequenée of single reactions

on the bifunctional Pt/Al,0, catalyst.

Fast ethy}benzene
n-octane —-———9-iso—octane\\\\ﬁs
o-xylene

4

2.1.2 Iso-Octane (2,2,4 Trimethylpenﬁane)

The kinetic data for the reactions of iso~octane are

26
sparce. However, LesterszaUtzenberg and Akoz7 have reported

. L . .
some results on the reactions of iso-octane using different
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:%ﬁ catalysts. In additioﬁ to the contributions of these resear-
chers, we shall present the works of some éthers who worked
on the kinetics of isomerization of n-pentane as the knowledge
gathered from it is applicable to the kinétic investigation.

of iso-octane,
Leste_r25 studied the product distribution obtained in
aromatization of iso-octane on k20 - Cr20_3 - A1203 and non-

acidic Pt/Al,0, at 400°-'500°C. He used -a microreactor -

chromatographic apparatus for the investigation. The hydrogen
carries gas rate was 140cc(STP)/min for a residence time |of
about O0.tsec. The pressure employed was slightly above

atmospheric. He showed that different mechanisms are reguired

;
I

for iso-octane aromatization on the different types of cata-

;i lysts. The composition of effluent compositions, on both
\“.
catalysts is shown in Table 2.71.1.
Table 2.1.1. Composition of Effluents from Reactions of 2,2,4
“trimethylpentane over k20—Cr203-A1203 at 500°C and non-jacidic
Pt/Al203 catalyst at 425°C.
~ Catalyst x,0Cr,04-A1,0, . Pt/Al,0,
Vi
Cy- Gy 6.6 21.0
2.2, 4 TMP 74.8 : : 37.4
171 I
1,1,3 T™MP * 0.0 _ ' 32.4
C8H1§(To?al) - 16,1 . -
CTHB ' 0.4 i 1.3
P-xylene 2.1 3.2
L5a) i
A :
m-xylene 0.0 , 4.7

o-xylene . ‘ 0.0 | RSN 0.0
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Lesterzs_found that cyclogentanes are important intermediates

of iso-octane aromatization over non—acidic Pt/A1203 but not

273

buted to Pt to explain the ability of the otherwise nonacidic

over k20-Cr203- Al.O Weak Lewis acid character was atgri-

catalyst to cause ring expansion of cyclopenthyl species|to
cyclohexyl specieé.

Dautzenberg and Platteeuwz-6 studiea the aromatization
of iso-octane'in a micropulse reactor at 480°c, hydrogen
carrier gas at 1.2atm and Q.S'Iiters/hr using 500mg 1% wt Pt
on inert alumina catalyst and found the £otal aromatic con-
version to be 20 mole%. M-xylene and P-xylene accounted |for
49.7 and 41.6%, respectively'of the total aromatics formed
while o-xylene and ethylbenzene'were only 7.1 and 1.6%
respectively.

Ak027 studied the aromatization ofiiéo—octane on acidic

Pt/Al catalyst at temperatures between 300° and 400°C.} He

203
found out that the major products of iso-octane dehydrocycli-
zation on bifunctional catalysts were ethylbenzene and P-Xylene.
at 300°C. The initial P-xylene produced isomerized to ethyl-
benzene., At higher temperatures however,i(320°c) there was
"simultaneous production of ethylbenzene and o-xylene, but|at

400°C the reaction pattern was again

Iso-octane ————— P-xylene ——> ethylbenzene.

A study of the kinetics of isomerization of n-pentane
at 372°C over a platinum on alumina catalﬁst (0.3% platinum)
has been reported by Sinfelt et alzg. fhe rate measurements
were made in a flow system at low conversion levels (4-18%)).
The n-pentane was passed over the catalysé in the presence of

hydrogen at total pressures ranging from 7.7 to 27.7atm and.
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at hydrogen to ﬁ—pentane ratios varying from 1.4 to i8. Qver
this range of conditions, the rate was fouhd to be independent
of total pressﬁre and to ;ncrease with increasing n—pentané
to hydrogen ratio. The rate data were corfelated by an

expression of the form:

where -r represents the rate in gram méles isomerized per
hour per gram of catalyst and the parameters k and n have
the valueé 0.040 and 0.5, respectively for the catalyst used
in the study.

The kinetic data were interpreted in terms of a mecha-

nism involving n-pentane intermediates:

Pt

nCS_E______

Acid ,
= __—---} =
nC5 site ﬂ:S

According to this mechanism, n-pentane dehydrogenétes to
n-pentenes on platiﬁum sites. The n-pentenes are then

adsorbed on acidic sites, where they are isomerized to iso-
pentenes. The latter are then hydrogenated to isopentane

on platinum sites, thus completing the reaction.
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_Thé isomerization step on the acidic sites presumably takes

. . . ;29
place via a carbonium ion mechanism

c = + o c + !
n Cg + H — nCq
nc.t —/— c.’
5 1tg
+ - = +

They pictured the initial formation of the ion as taking

place by protonation of £he n-pentenes, The n-pentyl ion
then rearranges to an isopentyl ion, which in turn can elimi-
nate a proton tQ‘form isopehtenes.

They postulated that at their conditions of study, the’
isonerization of the n-pentenes on the acidic sites was the
rate limiting step, so that the rate is given by

'

r = k' (n c5=) ' | ( 2.1.2)

where k' is the rate constant and (nC5=) represeﬁts the con-
centration of the n-pentenes on the acidic éites. They assumed
‘that an equilibrium is effectively established between n-
pentenes, n-pentane, and hydrogen'in the initial dehydrogena-

tion step with the partial pressure of n-péntenes given by:

5 B : {2.1.3)

where K is an equilibrium constant. Theyffurther assumed
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~equilibrium can be expressed $imply by:

'polarlzatlon of the adsorbed alkyl group to a carbonium ion

18 L

that an adsorption equilibrium is established between n-

pentenes in the gas phase and on the acid sites and that the|

1

= _'.._ n _
(nCg" ) ~=- = b Fne, (2.7.4)

the rate expression becomes, after substituting{2.1.3) and (2.

(2.1.2):

I o
r = k bKn(PH . PH
2 -2

5 ) o (2.1).3)

This is identical to equation 2 derived from the data. The

data they obtained on the rate of skeletal isdmerization of

1.4}

1-pentene over a sample of catalyst containing only the acidic

function (no platinum) provided additional strong support
for the proposed mechanism.

Starnes and Zabor30 proposed an alternative mechanism,
based on the studies of n-pentane iéomerizat?on over platinu
aluniina - halogen catalysts. They postulateﬁ that the para-
£fin is adsorbed on platinum sites with dissociation of a

hydrogen atom, followed by polarization of the adsorbed spec

. + .
R - CH2 - CHE‘“ = R—?H - CH3 + ?
Pt ) Pt

The authors suggested that the support confers Lewis acid

propertles on the platinum, whichk in turn accounts for the

Les
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type structure. The latter then undergoes the usual carbonium
ien reactions. The mechanism involves a‘single type of
catalyst site instead of two different types of sites as
envisioned in the previously discussed mechanism. The objec-

tions raised by Searnes and Zabor to the two —_site mechanism
are based on several experimehtal observations': {(a) When n-
pentane was isomerized over a mixture of pellets of Pt -
alumina and HF - promoted'alumina, the rate increased with
time on stream, coinciding with transfer of the flouride to
the Pt containing pellets. {(b) Although the olefin content

of the products remained constant at equilibrium level, the
rate suddenly increased about 7- or 8—foid when the platinum

of the catalyst was increased from 0.3 to 0.4%., (c) The rate

was propotional to the olefin partial pressure to a power

somewhat lower than unity. These objections have been answered
by:Keulemans‘and Schuit31 who suggested that (a) and (b) do

not refute a two site mechanism, but simply reflect diffusion
limitations in the eXperiments of Starnes and Zabor.

Hosten and Froment32 studied the isomerization of n-
pentane on a commercial reforming catalyst (pt/A1203) in an
isothermal, bench-scale, fixedbed reactor. The influence of
total pressure, molar ratio hydrogen/hydrocarboe, chlorine
content in a feed, and space time was investigated in the
temperature rahge of 375° to 425°C. Reaction rate equations
of the Hougen - Watson type were derived on the ﬁasis of the
generally accepted mechanism for skeletal isomerization.
Eleven rate eguations were developed. Discriminetion between

these eleven rate models was based upon the following experi-

mental evidence: (i) The rate is independent of total preseure
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{ii) the rate is ;nfluenced by the chlorine concentration

They observed that when one of the steps éf the dehydrogena-
tion or hydrogenation stages is considered to be réte deter-
mining, the corresponding overall rate eqﬁation is always

total pressure dependent. Since the dehyd?ogenation or
hydrogenation steés are incompatible with the experimental
results, they concluded that the isomerizaﬁién sequence detler-
mines the rate of the overall process. Their conclusion is
confirmed by the observation that the reaction rate is affected
by the chlorine concentration. The three models of the
isomerization sequence were then subjected to discrimination
based upon significance tests for the overall regression and
for éach parameter separately. From‘the results they obtained,
they.concluded that the adsorétion step of the.isomerization

sequence is the rate limiting step.

2.1.3 Methylcyclopentane (MCP)

Christoffel and paall? studied the actiﬁitf and selec-
tivity of bifunctional platinum .catalysts in hydrocarbon
reactions. In particular, they looked at the conversions
of a number of Ce ~ Ca a;kanes, naphthenes and{aromatics on
bifunctional Pt/carrier catalyst, on Pt black %nd on the
acidic carriers of the bifunctional catalysts in the tempera-
ture range 300-500°C and hydrogen partiai presgures of 0-'

45 bars in a contihuously operated fixed bed reactor and

‘microcatalytic pulse reactors. AmOng other things, they

confirmed the previous finding that methylcyclopentane ring
I! '
opening yields selectively on acidic catalysts, n-hexane/

2 methyl pentane/ 3 methyl pentane in a ratio of 2:2:1 on
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‘
small platinum Crystallites and selective rfng opening
producing methyl pentanes only over large platinum <crysta-
llites17. Using pulse technique, their own product distri-
bution from'MCP reaction on a laboratory 0.5 Pt/A1203 catalyst
showed that the primary ring opening producté -n - hexane,

2 methyl pentane and 3 methyl pentane - are formed nearly in
the ratio 2:2:1 over fresh supported catalyst whereas over
partially deactivated catalyst and the A1203.carrier, n-hexane
is the main product. Thus, over the fresh catalyst, mainly
platinum reactions contribute to the measured. ring opening
products, while on partially deactivated catalyst, mainly the
acidic sites of the carrier catalyze the ring opening reactions.
On platinum black with rather large crystallites, mainly
selective ring opening occurs.

The results of MCP conversions in differently pretreated

Pt/Al,0, catalysts clearly indicate that by the employed pre-

3
treatment, the platinum function is partially deactivated in
asmuch as it has lost its isomerization and hydrogenolysis
actiyity while the (de) hydrogenation activity remained
unchanged.

Typical product distribution of MCP conversion on par-

tially deactivated O.SPt/A1203.catalyst was reported by

Christoffel and Paal11 as:

Reactant MCP

Products %

€1 %5 0.03 Hydrogenolysis
hexanes 0.15 produc£s

MCP " 98.4 T

Benzene . 0.3
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Methylcyclopentene (MCPZ-) 1,03

Cyclohexane and

LCyclohexene

Jossens and Peterson33 used the dehydrogenation of
methylcyclohexane to toluene and the dehydroisomerization
of methylcyclopentane to benzene as the model reforming

reactions in their study of fouling of a Pt-Re reforming

catalyst. The fouling charécteristics by MCPldehydroisoméri—
zation of a platinum catalyst was monitoredfbf measuring the
catalytic activity as the ratio of benzene production rate

R to initial benzene production rate R,. The contribution
of the acidic site on a Pt and Pt-Re catalyst isulfided and
unsulfided) at 475°C and 70 torr in the dehydro-isomerization
of MCP was also studied. It was found that the conversion

of MCP to benzene was less than 20%.

Though Pt and Pt-Re equally calatyzed therdehydroiso—
merization of MCP, the ring opening activity of the sulfided‘
and unsulfided Pt cataiyst, the initial distribotion of
secondary products from either sulfided or unsuifided cata-
lyst was found roughly to be in the propotion of 2,1 and 2
parts for methylcyclopentane, 3 methyl pentane and normal
hexane respectively.

Dartigues et al34 in their investigation o% the struc-
ture sensitivity for the ring opening of MCP, found an equal
probability of breaking all five cyclic carbon - carbon bonds
for a highly dispersed Pt-on alumina catalyst. Similarly
de Jougeste et al35 found that a copper rich Pt-Cu catalyst

supported on silica also gave non-selective ring opening of
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MCP. Ring opening of MCP catalyzed by gamma alumina'yielded
predominantly n-hexane36. This suggests that the highly
dispersed metal function of a Pt or Pt—Re_catalet is respon-
sible for the ring opening activity of these catalysts.
Dehydrogenaticon of the cyclohexane ring uégs cnly the
metallic Pt-function of these bimetallic catalys£s37’38 and
is thought to be structure insensitive for a-supéorted Pt
catalyst. The dehydroisdmerization of MCP to benzene utilizes

both metallic and acidic sites of a bifunctional reforming

catalyst and proceeds through a methylcyclopentene MCPZ_

intermedia£e16'34’36-
o
+H2 i CH
: 2 5" Metal Site
MCP MCP —_=CH
Metal ;::::::::::::::
site . \: Bz
+2H

Ring enlargement from mcp?” to cyclohexene, cu’, on .an

acidic site is thought to be the controlling step in this

36,41,42

sequential reaction . This is viewed as a means to

detzct the effect of rhenium on the support.

Kramer and Zuegg43 as well as numerous other authors44_48

studied the hydrogenolysis of methylcyclopentane and the

results confirmed what has already been reported above.
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2.2 Kinetic Studies on Variable Activity:Reforming Catalysts.

The literature available on the deactivatior kinetics
of n-octane, iso-octane or MCP are sparcé. .However, some
studies have been reporﬁed on the deactivatisn kinetics of
Pt/Alzo3 catalyst by Cg hydrocarbons by Cbopér and Trimm49.
Also the kinetics:-of isobutene oxidation on 5% HgClz/active

charcoal by parallel reaction has been reportéd'by Corella

and Asuaso. The methods used in their studies can be applied

to the studies of the deactivation kinetics ofireforming

catalyst using n-octane, iso-octane and MCP as ﬁeactants.

'
4

}
¥
2.2.1 Rinetics of Deactivation of Pt/Al,0, Catalyst by
Ce Hydrocarbons. ‘
Cooper and Trimm studied the kinetics of coﬁing of a
Pt/AlZO3 catalyst by the dehydrogenation, dehydrocyclization,
dehydroisomerization and isomerization of Ce hydrocarbons

between the temperatures of 450°C and 550°C under 10 bar

pressure. The reactions were carried out in a tubular. reactor

suspended from one arm-of a microbalance. The. results were

[
analysed using the general coking scheme of Froment51,

A + *T—— = A * (1)
A¥* —— B* (r.d.s) : (2)
B* — — B + * +(3)

Cooper and Trimm obtained the modelling equations shown in

Table 2.2.1.
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Table 2.2.1: Deactivation Functions for various order of

Coking reactions of Cooper and Trimm.

Order of Coking(n) Single Site (h) Dual Site (h)
. - - 2
0 r, = ro(1‘- uTuk) r = ro(1 @, Ck)
1 . r,= ro(exp(—azck)) r, = ro(exp—ZaSCk))
2 = r (1 —a,c) = r (1 ~2
re= o (1 -a3C) A r,= ry(1=agCy)
Generally,
r=r ¢ (2.1.6)
o

where ¢ is the activity of the coking reaction since the
variable used in this modgling is the number of coked sites.

The gquantity of coke in milligrams deposited on the
catalyst with respect to the time on stream was monitored
fof each hydrocarbon reaction at various temperatures. The
gquantity of coke deposited per gram of catalyst was plotted
against the time on stream for each reaction. At various

coke levels, the coking rate (dck/dt) was determined and a

table of rate of coking versus coke content obtained. The

modelling equation of Table 2.2.1 were tested with each set
!

of data, and the equation that best fits the data was deteﬁmined

for each reaction. f
_ !

From these results, Cooper and Trimm found that one i

|

molecule of cyclohexane reacted with one adsorbed coke

[
precusor molecule during the reaction of benzene and cyclo-

4

hexane. Hence they concluded that the mechanism

of reaction of benzene and cyclohexane on Pt/Al,0, catalyst
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was bimolecular condensation on the metal function of the
catalyst. This implies that a siﬁgle site exponential form
of activity decay can best describe the coke formation due to
the deﬁydrogenation of cyclohexane and the hydrogenation of

benzene on Pt/A1203 catalyst. The deactivation function was /

given by - /
$ = exp{- oC} (2.1.7) ;

where Ck is the number of coked sites. The rate controlling /

step was represented as: /

|

A* > C + A —> Coke (4){

For other compounds, because more than one free mole-
cule was involved in Ehe fdrmation of the coke molecule, a
polymerization reaction involving acid sites 5n the catalys:
was proposed. For example, for the fést coking reaction og

f
n-hexane at 500°C, the deactivation function was given by }

w033 | (2.1.8)
¢ = (1 - a Ck) . . 7_

Cooper "and Trimm showed that temperature has a significant

effect on.the mechanism of coking and the deactivation

function of the catalyst. The summary of the effect of ?em—

perature on the deactivation of Pt/A1203 for n-hexane reaction

is shown in Table 2.2.2. |



Ixm

27

Table 2.2.2: Deactivation Function and Mechanism by CdOper

and Trimm (Experimental)

Temperature (°C) Model o Tn Reaction Controlling ;
Step |

I

-] - - * o~ - >, /

450 r = r0(1 o Ck) | 0| A > C > Coke |

-1 ' |

500° r = r, (1-oC.) 2t A —>» c+2a—> Coke /

-0.33 . /

55Q° , r = r0(1-mck) 4| A"— C+4A—> Coke ’

/

They alse found that decreasing order of coking for the variousf

hydrocarbons investigated can be represented. f
!

Methylcyclopentane > 3 - methylpentane ~ n-hexane

> 2 - methylpentane > benzene > cyclohexane

The relatively slow rate of coking in cyclohexane and benzene

compared to other Ce hydrocarbon studied was .attributed to thé
bimolecular condensation which was largely unaffected by the

acidity of the catalyst.
Since Cooper and Trimm used the direct guantity of /

primary coke deposited on the catalyst to model the deactiva-

tion of the catalyst, the deactivation function obtained is

applicable to the primary coke formation reaction.

The presentation of only six medelling egquations andl

!

the failure to show the procedure of development of such

equations limit the applicability of the models,
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2.2.2 Isobutene Oxidation on 5% Hg Clz/Active Char-oal by

Parallel Reaction

{a) Model Development

Corella and Asua indicated a method of studying the

deactivation of a catalyst when the principal reaction is not

simple and when the distribution of product changas with time%

The study was carried out on the oxidation of isobutene to

methylacrolein on a 5% HgClz/active charcoal catalyst at 0,97

atmosphere in an isothermal and differential fixed bed reacto

at 220°, 200° and 180°C.

(4

The model proposed for the main reaction was representeb

by
A+ B —m> R + V (1)

A+ B > S +V (2)

> 40U + 4V {3)

A + 6B

where = Isobutene

= - Oxygen
Methylacrolein

= Carbondioxide

< o W o
1l

= Water
The mechanism of catalyst deactivation by coking was repre-
sented by

{n+h) A ——>P

where n can be 0, 1, 2 and h can be 1,2 due to the improbaé
bility of three free-body collisions.
For a parallel main reaction network, the kinetic of

deactivation was represented for each of the products by




29

|
|
|
oo ° (rROJO a, (2.2.1) ’
!
d, ,
~da,/dt = g (P, T)a | (2.2.2) |
r., = {rg ), 3y (2.2.3) }
-daz/dt = wOZ(Pi,T) ay (2.2.4)
| |
rs o = (ruolO a, (2.2.5} I
—da3/dt = ¢03(P1.T)a3 _ (2.2.6) [
j
Generally, for reaction i,
= a {(2.2.7)
k: 2 (rj)o 3
%
There is a possibility that a, #az #a3. f }
' S
F
Defining yield of product R as !
oy _ _ moles of R obtained (2.2.9)
K4 Yr/a YR T moles of A fed e
the activity a, was given by
/(xg ) TR/ Fao - ® (2.2.10)
a, =t /{r, ) = = = 2.1
1 Fo/ *"Ro’ o Yoo/ "/ Fag YRo .

For differential reactor system and dj =

o

|
I
|
|
= 1 from (2.2.8) ,
|
!
|
I
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Y
t
aj = ajo exp é(—woj (Pi,T)) dt
.7. aj = ajo expl-igy (Py,TIt) - (2.2.11)
where ajo = 1 {(initial activity |
‘!‘
lnaj = -y (P ,T)t ' | (2.2[.12)
If dj #1
(1 -4y !
(a5 - 1) = (1 - dj)woj(Pi,T)t f (2.2.13)

|
F
To determine the value of dj, the data of the activity ag

: : S |
versus time, t is requlred. t
For the main product R, consideration has. been giv?n

to four different kinetic equations from two out of the $ix

different mechanisms depicted in Table (2.5.1). The d -1
and d - 2 mechanisms with the second and third step controll-
ing in each case were £ested because they were the simpl%st _

to us. Corella and Asua.however cautioned that the fact that onie of the
two mechanisms tested fitted a set of data does not make lit

the right one since other mechanisms were not tested. The

same approach was followed with respect to the second product

S. Because of the complex form of the stoichiometry of tﬁe

third preduct U i.e j

A + 6B — > 4U + 4V

a4 3 a 1 . . 1 !
no mechanistic expression for its deactivation equation was
derived. Its deactivation equation was represented by thF

empirical equation of the type:
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d3 ' %
'—da/dt = wOBIPi,T) a, - (2.2.14)

For a differential operation, when d3 = 1 after integration

equation (2.2.14) was obtained

n-l \
tnay = - w03(Pi,T)t = Kd3PA t (2.2f1§)
when d3 # 1
|
(ay' ™93 ( R 2.2 i6
3 - 1) = d3 - 1)Kd PA- t (2.2.16)

> | |
|

{b) Data Collection: \

In order to identify the influence of each reactant bn

r

|
deactivation order dj, two separate sets of experiments were

performed keeping the pressure of one of the reactants cong
stant and varying the pressure of the other reactants

(equation (2.2.6) was used}.

e et

Sample Data Analysis for the First Product R

A table of the yield of R, Ygr! and time on stream t,

was obtained at each temperature yg was plotted against time

t and the activity YR/YRO' was obtained at various times on

streams. &na = zn(yR/yRo) was then plotted against t as in

|
equation (2.2.13) to verify the value of d or h.. At 220°C ‘

!
with the assumption that d=1, a graph of 2na1 vs t was linear
indicating that 4= h=1. This was confirmed also at 180°C

and 200°C. The same result was obtained regardless of which\

1 :
of the two reactants was held constant. In an earlier work, !

i
Corella and Asua had found that m=1. Hence, the four equations
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to be tested for n wiﬁh m=1 and h=1 from Table 2.111. after

"linearization were reduced to:

d - 1 mechanism, 2nd step

where ¢01 = 1/t ina

n+1
Pa 1 1
bo, B, T kg ¥a) " e, Fa” (Fm/k x 1B |@.2.a7m)
dt Al
d - 1 mechanism, 3rd step
n+1
P v P
A 1 oo+ (K, /xq4Ky ) A *
e = /k, . K A ka1®a,
. m01(Pi,T) d1 Al
K;‘] n+t I
+ KB1/kd1KA1 Py * kd1KA1’ Py ‘(2 .2.18})
d - 2 mechanism, 2nd step
n+1
P B 1 . (Kap * Kpq) P, Xg1 P
S - — g |
bo1 By ) KgeKa ka1 Ka Ka1%a1 _
' (2.2.19) .
d - 2 mechanism, 3rd step
|
‘ 1
n+1 K* n*
P - 1 , Al P+h_ pB+.k,A*,PA
. [ x r * ! :
Vo (BTl kg k2 kq,Ka- B kg, Ky, d1KA1
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To determine which of the four equations would give the

correct mechanism of reaction, the followihg criteria wer

set for the parameters:

(a) the values of the deactivation parameters

x| .
* k must be positive

k3 ¥ar Ka

(b) the values of the KA1 and Kgq obtained from the
equation must agree with those obtained from the
kinetic study of the fresh catalyst without deactiv

tion.

Using the data of ¢01(Pi,T) at different PA and PB
each temperature and adjusting the linearized equations b
the least square method, Corella and Asua found that equa

(2.2.18) gave the best fit with n=1. Hence the main reac

e

|

a—-

at

hg

tion

tion

and the rate of activity decay of the catalyst in the forma-

tion of methylacrolein are given by:

27)

rgp = {rply 3 2.2,
2
-da/dt = k K P
dq Al A a, (2.2
T+ (kp * kp1Pat Kpy Py

The same procedure was followed for the modelling of the
reactions of the second product, and the same set of deac

tivation kinetic parameters were obtained for m,n and h.

22}

The value of d3 was found to be 1 and that of n fo

to be zero with respect to the third product (coz). Its]

und

rate
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of activity was therefire given by:

—da3/dt = kd3 a, | (2.21.23)

While the deactivation kinetic parameters m,n,h were fou?d

to be independent of temperature, the kinetic constants kd

*
and KA1

relationship.

vary with temperature in accordance with Arrhenius

The model of Cor=lla and Asua has démonstrated a meﬁhod
of modelling the activity décay of the catalyst with respect
to each product of a non-simple reaction. The approach of‘
solving the equations of déactivation makes it possible to\
determine both the deagtivation kinetic parameters m, n, hl
as well as the fresh catalyst kinetic constants kd and KZ1}

It was observed that the deactivation equation was
solved for the parameters m, n and h stepwise with m already
determined from a previcus experiﬁent. Previous determina-
tion of m made the solution of the eguation less rigorous. |
Also, the solution would have been impessible under an integral
reactgr system since the assumption of a constant woj with |
fesPeCt to the concentration in egquation (2.2.12} would have %
been wrong. Hence, the ‘approach of Corella and Asua for
solving deactivation kinetic equations is more directly i

applicable to a differential reactor system. -~ . \

+
!
i
i

2.3 Mortality Studies On Reforming Catalysts

The progressiqn of the reforming catalysts to the mértal
state using the dehydrogenation of cyclohexane to benzene in
an 0, free N, and 1 atm system total pressure has been studied

by Omoleyesz. A CSTR reactor packed with 5g of catalyst was
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used, The N, atmosphere ensured accelerated aging of the

2

, . ]
catalyst. Deactivated catalyst was regenerated by burning i
off the coke in air for 3 hrs at 673k. The regenerated catay
lyst was then reduced in H, for 2 hr to prepare the catalyst

for the next cycle of deactivation - regeneration cycle.

p—

Twenty-six deactivation - regeneration cycles were performed

on commercial Pt/A1203 catalyst until catalyst mortality

occured and the results obtained were as follows: \

A plot of cycle life versus cycle number (figure 2.3.1)
shows three stability states with respect to the cycle life
as the cycle was increased from 1 to 24. Cycles 1 to 8 had

life expectancy ranging from 20 to 50 min. From the 9th cycle;
!

there was a sudden increase in the cycle life to 120 mins.,

and cycles 9, 10 and’'probably cycle 11 served as the transition

states for the second stability state. The cycle life expec-

‘tancy for the second stability state ranges from 75 - 130 min.,

and it covers cycles 12 to 18, The third stability state also

started with a transition state from the 19th cycle where the

cycle life also increased suddenly to 200min. From the 20th

‘ cycle, there was a consistent rise in the cycle 1life up to the

22nd cycle, Cycle 22 lasted 260min, and after this cycle, the

catalyst no longer responded to normal regeneration procedures.

Figures (2.3.2 - 2.3.4) show the deactivation profiles
for Pt/A1203 from the 1st cycle to the last cycle. Figure
(2.3.2) shows the first stability state of cycles-1 to 8 of
the catalyst while figures 2.3.3 - 2.3.4 show the profiles
for the second cycles 9 to 18 and the third cycles 19 to 22
states. For the first and second states, the lenght of the

cycle life was random while in the third state, cycle life

|
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increased with the cycle number. \
, |
When Pt--Re/A1203 catalyst was used for the mortalitf

studies the following differences in the character of the

profiles for PtfRe/A1203 was observed.

(a) .- A general decrease in cycle life of Pt;Re/AlZO3 catalyst

starting from the first cycle till the 16th cycle was obserYed.

This is in contrast with the result obtained with Pt/A1203 \
where there was a general increase in the cycle life of Pt/

A1203 from the first to the 22nd cycle.

(b) While the cycle life of fresh Pt—Re/A1203 is the longest
of all the cycles in the bimetallic catalyst, the cycle life

of fresh Pt/A1203 is pone of the shortest.

(c) The continuous decrease in the cycle life of Pt,—Re/Alzo3

starting from the second cycle indicated a gradual death of \

the catalyst while the change in the cycle life of Pt/A1203 \

"

at the 23rd cycle marked the point of death of the catalyst.

(d) The behaviour of the cycle life with cycle number for
Pt-Re/A1203 is cyclical with dgcreasing qmplitude as cycle
number increases (see figure 2.3.5). This manife§ts itself
in the manner in whiéh it falls from the fifst cycle up till
the 7th cycle and rises from the 7th cycle up till the 9th
cycle, then falls again till the 11th cycle, and finally
rising and falling to a 15w value on the 15th cycle with the
maximum on the 12th cycle. This type of systematic éyclic

behaviour was not found with Pt/A1203.

e ———
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{e) 16 cycles of deactivation - regeneration processeé were
done on Pt-Ré/A1203 before it couid no longer react for any
reasonable periodbof time while with Pt/A12 3,‘26 deactivgtion
regeneration cycles were performed; i
The coke content after each cycle was plotted against
the cycle number. The coking level on the Pt/A1203 cétaﬂyst
surface exhibited definite discontinuities indicative of jthe
existence of pseudé-stability states on the catalyst surface.
The first pseudo stability state exists up to the 9th cyLle;
from the first to the 9th cycle, a fairly constant level of
coking at between 0.4 to 0.5 x 10?2 moles .C02 is maint%ined.
Beyond the 9th cycle, the level of cpking makes a disco$tinous
jump to the second pseudo.stability state where a coking level
of 1.4 x 10_2 moles CO2 is maintained. The life time oﬁ the
second pseudo-stability state extends from the 10th to {the
19th cycle. Beyond the 1%th cycle, the coke lével accelerates
to a value of about 3.0x10_2 moles CO, (See Figﬁre 2.3.6). f
On the 23rd cfcle, there was a huge fall in the amount|of
coke deposited on the catalyst to as little as 1/8th of the
coke deposited at the 22nd cycle. This decline continued on
the 24th cycle to a very low value of about 0.003 mocle CO,.
It can be observed in Figure (2.3.6) that the coking level
equally reflected the three stability states previouspy
indicated on the cycle life profiles (Figures 2.3.2 J 2.3.4).
Figure (2.3.6) also show the coke content of Pt--Re_/AlZO3
againist the cycle-number after each reaction period{ The
coking level on Pt—Re/A120 also showed three distinct levels

3
of coking. The first coking level of Pt-Re/A1203 has higher
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coke deposit than Pt-Re/AIZO However both the second aLd

3-
the third mortél coking levels of Pt—Ré/A1203 deposited much
less coke than the Pt~Re/A1203. In the first stability sﬁate
of each catalwst, the gquantity of coke deposited per cycl\
remained  fairly constant. From the beginning of the second
stability state, both catalysts'experienced a sudden increase
in the quanti:y of coke deposited per cycle. The quantity of
céke deposited on Et/A12C3 catalyst was maintained throughout
the second state. However, the increase in the quantity of
coke deposited on Pt-Re/A1203 ;atalyst on the 7th cycle did
not apply to the other cycles within the state. Rather,there
was a continﬁous decline in the amount of coke deposited up
to the 12th cycie. There was an increase'in the guantity of
coke deposited 6n the catalysts at the 13th cycle for Pt-Re/

Al,0, and 19th cycle for‘Pt/AlZO thus, marking the beginning

273 3’

of the third coking state. While the coke content on Pt/Alzol

increases from one cycle to another up to the last cycle, it
increased to a maximum deposit at the 14th cycle and then

declined steadily to the 16th cycle on Pt-Re/A1203L

2.4 General Kinetic Modelling Studies

In a kinetic investigation, it is not known a priori
which is the rate controlling step and therefore the form of
the rate equation or model. Also unknown, are values of
rate conétants and adsorption equilibrium constants which are
parameters of the models.

The rate equations can be developed following-the pro-
cedure cutlined by Hougen and Watsor?3 i.e.

1. Propose a mechanism
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2. Consider that one of its steps is the slowest so
it will be controlling of the process, the rest

being in equilibrium.

3. Deduce the kinetic equation for this controlling

step.

4. Repeat this procedure for all possible_éontrolling

steps and for different mechanisms and

5. Select experimentally the best equétion among the

different possible equations obtained theoretically

by estimation of their parameters.

Estimation of parameters in linear or linearized non-
linear equations.can be éccomplished using linear regressiog.
Linearized non-linear equations, however contain constants
formed from group of rate and adsorption equilibrium constants.
It is usually difficult in most cases, to evaluate the rate
and adsorption equilibrium constants from the results obtained
using linear regression. Itereative ﬁethod is required with
non-linear equations.

Any estimation starts with the definition of a suitable

objective function. ILet the model equation be tepresented by

y = £(C,k) , (2.4.1)

where y represents the m vector or dependent variables, C
the n vector of independent variables {also called states)
like concentration, temperature or W/EAO and K the P vector

of unknown parameters. R experiments are carried out, and
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y is measured for known C, with certain random experimental
errors. If the difference between the model prediiction and

the data is called residual’

e (k) =y, - £C.K) L | (2.4.2)

and the moment matrix of the residual is given by

R
L

_ ' T
M(k) = e (k) e, (k) (2.4.3)

r=1

then the estima@ién aims at minimizing some function of this
moment matrix, generally called objective function,|by the
suitable choice of k. The most common objective fuﬁctién
is the weighted least square criterion S = Trace [QM(k)] (2.4.4)
where ¢ is an mxm weighting matrix, whose elements %re selected.
to reflect the knowledge about the relative precisio% of the
residuals. O is a diagonal matrix when only sums of| squares
of residuals are considered and a full matrix when the sum
of cross products are also taken into account. \

The objective'fuhction can also be based upon the
maximum likelihood principle. The l;kelihood function is
the conditional brobability relating the dependent variable
y (also called output) to the parameters K. When thel variance-
covariance matrix of the.responses V is known, maximizing the

likelihood is equivalent to minimizing

s = Trace[\i’m1 M(k}] (2.4.5)

where O in equation ( 2.4.4 ) equals v~ 1, the weightled
least squares estimates are€ also the maximum likelihood
estimates. When the variance - covariance matrix of the

responses is unknown, it turns out, from a Bayesian analysis,
il 1
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that the maximum likelihood estimates are obtained from the

minimization, with respect to the parameters, of

S = det M(k) (2.4.6

As already mentioned, estimation in algebraic eguatidgns
which are non-linear generally requires extensive iteration
invélving some hill descending procedure. The ﬁumerous
procedures which have been proposed can be_élassified into
three categories., The first category could be called fun?tion
methods, the second is gradient methods and the third groh?,
Newton methods. The basic procedures in these categories are,
respectively, the univariable, the steepest descent, and|the
Newton - Raphson method. The principal characteristics of

these three basic methods are shown in Table (2.4.1).

Table 2.4.1: Characteristics of Basic Methods of Three /

Categories of Hill Descending Proceduress7

[
Category Reqguired Basic Procedure Iteration cycle
' {(1+1) (i) P o
Function S Univariable k = k + L A €]
j=1
(i+1)
. s : _ 1) _o  3s .
Gradient S and Yy Steepest descent = k Aj(ak)k(l)
2 {(i+1) ,
Newton Srgi and g;i Newton-Raphson k= k)
L] -
S 35
L(ak’)k(igl ETUNE
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In the univariable procedure, the search directions are
parallel to the axes. f; is the value of the scalar jlj

corresponding to the minimum of S in the jth direction in the

(i) (1+1)

cycle leading from k _to the next approximation k

The steepest descent procedure calculates S in the opposite
direction of the gradient and changes direction when a minimum
is attained. A? is the value of A corresponding to the

minimum of S in the direction followed between the itR and

b

(i1+1)th iteration.

i

The Newton-Raphson procedure develops the objectives

[l+1]] in a Taylor series around a starting value

(i+1)

function S [k

—

k(l) which contains no terms beyond second order. S|[k

is then considered as the minimum of the objective function,

so that a system of P linear equations is obtained, from

{(i+1)

WY

which k is easily calculated. The method generates
simultaneously the search direction and the distance in that
direction. The method converges gquite rapidly in the vicinity
of the minimum of S, but it is more complicated, since;it
requires the calculation of second order derivatives and

inversion of matrices. For quadratic objective functions,

this method leads to the minimum of S in one single step.

AE Y
&

The univariable and steepest descent methods do not
account for information gathered in the previous steps and
therefore may converys slowly. For this reason more elaborate
methods have been devaloped. Some of the better known are the
Hooke - jeeves method, which is based on pattern search that

progresses in the successful direction and has ridge follOWing

-y, \
“;ﬁ* properties; Rosenbrock's method, which involves rotation and

K
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orthogonalization of search directions; the simplicial method
which proceeds over regular simplexes produced by reflection;

and the Nelder and Mead method which allows ekpansion and

i

contraction of the simplexes. More efficient‘gradient method
have been developed to avoid oscillation in the vicinity of

the minimum, to account for past information, and to take’

I

advantage of the fact that many objective functions are. appro
ximatelyiquadratic in the vicinity of the minimum. The idea
of the Fletcher - Powell.and Fletcher - Reeves methods is
that the minimum o% an n dimensional quadratic function is
found by n one - dimensional searches along conjugated direc-!
tions. The Fletcher-Reeves method proceeds along conjugated
directions aftef starting-in the opposite direction of the
gradient. With non quadratic objective functions, the method
switches after P+1 one - dimenstional searches along conjugatled
directions, again to an initial search opposite to the gradient.
‘The algorithm of the Newtqn-Gauﬁs method is derived
from a quadratic approximatibn of the objective function;
Zr(k)'is developed in a Taylor series, neglecting all deriva-
tives of second and higher orders. This linearization may
lead to Ak which are too large, so that the method becomes
unstable. To overcome this, Levenberg and later Marquardt
developed very similar modifications of the method. The
algorithm is deriyed from constrained application of it he
Newton-Gauss approximation. X is a lagrangian multipliar,
restricting the step lenght and continuously aﬁjusting the
search direction., At the start ) has to be large, and as

the direction of search is close to that of steepest descient.

e ew,
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A is gradually decreased until, in the vicinity of the

" minimum, the constraint upon the Newton-Gauss procedure 1s

no longer necessary, and A is set equal to zero.

The Powell method is a rFunction method which does

n (1)

not make use of gradients, except at the start. U -is the

matrix of the normalized search directions. At the start,

these ‘coincide with the coordinate axes. .T is the matrif
of the normalized derivatives of the Z{k) with respect to
the parameters. This matrix is updated continuously, wit?out

|

recalculating the derivatives.

Table 2.4.2. Algorithm of methods for minimizing objectivg

functions that are of the sum of squares type

I

Method | Algorithm
Gauss-Newton | ki+1 = k —[k(i))J(k(i))]u1JT[k(i)]z[k(i)
Levenberg—Marquardt = k(i)—[JT(k(i))J(k(i))+l( i) (l)ﬂ

JT[k(i)]z[k(i)] ;

i

powell = it + oo FT ) T T 1FT e ()
z[k(i)]'
55,56 . . . .
The method of Nelder and Mead minimizes a function

of n independent variables using (n+1) vertices of a flexible
polyhedron in En. Each vertex can be defined by a vector x.
The vertex (point) in E” which yields the highest value of

f(x) is projected through the center of gravity {centroid)
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of the remaining vertices. Improved (lower) values of fthe
objective function are found by éuccessively replacing the
point with the highest value of f(x) by better points until
the minimum of £(x) is found.

The details of the algorithm are as follows:

T
Let xk = [xsz. . .,x!k), xﬁk)] , where i = 1,.
i i1 ij in

. . . . r

A 4
(2.4.7)
n+1, be the ith vertex (point) in E” on the kth stage of|

the search, k=o,1..., and let the value of the objective

function at xik)bé f(x;k)). In addition, we need to lébel
x vectors.-in the polyhedron that give the maximum and

minimum vaiues of f(x).

Define
{k) (k) (k)
flx, ) = max{f(x1 ) P f(xn+1]} (2,@,8)
with the corresponding
(k} (k) |
X, = X , and (2.4.9)
i h
(k) _ (k) (k) B
f(Xi ) = min {f(x, ),. . ., f(xn+1)} | , (2.4.10)
: (k) (k)
‘with the corresponding X, = XL . Since the polyvhedron
in E'.is made up of (n+1) vertices, Xyrooees X 41! let
. |
X 42 be the cent;oid of all the vertices excluding Xy - Thei
' |
1

ccordinates of the centroid are given by

1 (k) (k)
; i3 k3 (2.4.

— — ——

1)

j=1,...‘n

where the index j designates each coordinate direction.
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The initial polyhedron usually is selected by a
régular simplex (it does not have to be), with point 1 as
the origin, or'perﬁaps the centroid as the origin., The
précedure of findi;g a vertex in En at which f(x) has a

better value involves four operations:

1. Reflection:
Reflect xék) through the centroid by computing
(k} (k) (k) (k})
Xop3 ° xnr2 + alx . - Xy ) (2l.4.12)
h+2

where ¢ > o is the reflection coefficient,

(k)
X 42 = centroid computed by equation
(k) :
Xy = vertex at which f{x) is the largest of (n+1])
values of f£(x) on kth stage
2. Expansion
(k) (k)
If f(xn+3) < f(xl ), expand the vector
(k) (k)
(xn+3 - Xn+2) by computing
(k) (k) . (k) (k)
*ned = *ne2 T X Fne3 T Fned! (2.4.1[3)

(k)

n+4)

where Y > 1 is the expansion coefficient. If f(x
{k) (k) (k)

< £ (xL ), replace.xh by Xor4 and continue from step 1
with k = k + 1. Otherwise, replace xék) by xéf% and

continue from step 1 with k = k+1.
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3.  Contractions

(k) (k)

If f(xn+3

the vector

(k) (k)
(xh - xn+2) by computing
(k) (k) (k) {k) (2.
*nes T Fne2 7 B {x T )

h n+2

(k)

where o0<B<1 is the contraction coefficient. Replace x
1
(k)

n+5

h

X and return to step 1 to continue the search on the

(k+1) st stage.

k

4, Reduction
X {k} (k)
If f(xn+3) > f(xh )}, reduce all the vectors
(k) (k)
(xi - Xy ) , i=1, . . . , n+l, by one

(k)
half from Xy by computing

(k) (k) (k) (k) ‘
X, = xL + O.5(xi - X Y i=1,... n+l

L (2.

and return to step 1 to continue the search on the (k+1)st

stage.

The criterion used by Nelder and Mead to terminate the

search was to test to determine if

1 n+1 (k) (k) 3

2
T D TR ) S Bl e

-
i1+

1 (2.4.

} > f(xi } for all i # h, contract

1.14)

by

4.15)

16)
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: (k)
where ¢ is an arbitrary small number, and f(xn+2) is the

k)

value of the objective function at the- centroid X2t

Figure2.4.1 is. an information flow diagram of the flexible
polygon method. The flexible polyhedron, as opposed to the
rigid simplex, is designed to—adapt itself to the topography

of the objective function, elongating down long inclined

planes, changing direction in curving valleys, and contract-
ing in the neighbourhoced of a minimum.
The reflection coefficient a is used to project the

vertex with the largest value of f(x) through the centroid

of the flexible polyhedron. The expansion coefficient Y is
used to elongate the search vector if the reflection has
broduced a vertex with a value of f({x) smaller than the
smallest f(x) obtained prior to the reflection. The contraction
coefficient 8 is used to reduce the search vector if tre reflection|has
ot produced a vertex with a value of f(x) smaller than the second la;geét
valie Qf f(x)'obtained prior to the reflection. Therefore, by means 7.
of either expansions or contractions, the size and shape of
the flexible polyhedron are scaled to fit into the particular
topology of the problem being solved.

Iewis et at57 estimated kinetic parameters for propylene

[y

dispropotionation. Numerous Hougen and Watson 3 type rat

expression were simplified to the initial rate form which

assumes products to be present in negligible amount. Of the
rate expression considered only the following dual site
surface expression gave satisfactory correlation of the

initial rate data
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k(P - PpPR/K,

). .
3 C(R.a1

r = 2
(1 + KEPE + KPPP + KBPB)
when reduced to the initial rate form equation (2.4.17) |become
" 2 2 .
r = ka/H + K Pp) (2.4.18)
Equation (2.4.18) was rewritten in the form
P
Y =a+bp (2.4.18a)

where Y = P //r , a= 1//k and b = KP//E

values of a and b were determined from egquation (2.4.18a) by

linear least sguares treatment of the initial rate data at

each of three temperatures investigated. Values of k and

K., determined solely from initial rate data gave preliminary

P

estimates of KP and k, two of the four parameters which

were to be determined in equation (2.4,17). The fifth was

calculated from data by Rossini58

2-butene to be in equilibrium at each temperature.

assuming cis and trans

They assumed that the remaining adsorption coefficients

KE' P B

order of magnitude at a given temperature. Using this

assumption, an iterative non-linear least - squares con

K., and K. appearing in equation(2.4.17) would be the same

\puter

program was written which utilized .the initial rate corre-

lation value of K_ at each temperature as initial estin

P

for KE and KB as well,

1ates
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Hosten and Froment32 studied the isomerization of
n—pentane on a commercial reforming catalys£ (Pt/A1203j in
an iscthermal, Eench scale, fixed bed reactor. Reaction rate .
equations of the Hougen - Watson type were derived on the
basis of the generally accepted mechanism for skeletal
isomerizations. The rate equations derived were non-linear
in the parameters. For example when the surface reaction
of isomerization of'nwpéntene into i-pentene is postulated

to be the slowest'step, the overall rate equation is given

by

. P

’ - N_

r = * s K5 KgKy )
3 (2.4.19)

1+K5Pm+K7PN

Using linear regression approach, the equation was transg-
formed into a relation which is linear in groups of combina-
tions of the kinetic parameters. Replacing'KSKd by KA and

1/K7kh by KB' equation (4) was then rearranged to give

P - P_/K K
y= A B = lp + Bp . 1 (2.4.20)
r k "a kKA B kKA H2 .

The rate equation now takes a form.which allows estimation
of the groups 1/k, T/kKA and KB/kKA by linear fegression.
Subsequently, the parameters are easily calculated.

Some objections may be formulated concerning the method

of the preceding paragraph involiving rearrangement of the

terms of the rate equation., Indeed, the statistical thedry

requires that the experimental error is normally distributed

with zero mean and constant variance. These conditions are

~

generally fulfilled for the error associated with the real
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dependent variable. The error on the group y,.however, aoes
not necessarily meet thesé conditions, sincg y is a combinL-
tion of the dependent and independent variables. Moreovej,
the parameter estimates can be influenced by the fact that
the residual sum of squares of the group vy is-minimized,r

instead of the sum based on the reaction rate itself.

Therefore, they decided also to minimize

tl{r - f)?

where r is the calculated reaction rate. Since equation (2.4.19)
is not linear in the parameters, search techniques are /
involved. The rate expression (equation (2.4.19)was deleOPed
in a Taylor series retaining only the partial derivatives

of the first order

rix, k9 . r[x,K(j)]ﬂ + z?—%i- QK“(j) (2.4.21)
L

g 3)

The method of linear least squares applied to this linear

equation provides successive approximations for the parameters.

A comparison of the parameter values obtained usilng
the different methods show that, 1/kKA and KB/kKA are nearly

independent of the method. In most cases, however 1/k!values

are not comparable,

2.5 Modelling Studies on Variable Activity Catalysts|

The development of deactivation kinetic models for
solid catalyst is a very important aspect in the study of

catalysts and some problems regarding;their_develoﬁment have

T
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been highlighted for instance by Buttsg’ﬁo, Froment | |and

Hegedus and McCabe62

Two broad forms of catalyst deactivation models éan
be classifiec as separable - and non separable forms. Modelling
done under the principle of separability results in a rate
equation that incorporates a term that represents the a~tivity
of the catalyst. Such term can be separately.determined. Oh
the other ﬁand, modelling following the non-geparability
approach results in a rate equation that incorporates the
activity of the catalyst, but such activity term can neither

be isolated nor determined separately63.

Most models of catalyst deactivation by coking are of

the separable form as will be discussed below.

- Voorhie's64 nodel:
. n
Nc = at
The model expresses the quantity'of coke N deposited‘
on the catalyst as a function of time of deactivation, t
d raised to a power n where both a and n are constants. The
expression was used to model the deactivation by coking in
. i- X )
@9 the hydroisomerization and hydrocracking of n-paraffins using

Mordrnite bifunctional catalyst. For a conversion of cracking
process below 15% and for constant deactivation rate, n was
found to be constant.

Other researchers like Eberly et.5165 and Dumez anc
Froment66 showed the inconsistency of the model-with respect

to the constant n., Eberly et al65 found that the constants

B
)
Lo 2N
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depend on the reaction conditions: n varied between 0.41

e ’ to 0.82 as the feed rate decreased from 20v/v/hr to ¢.2v/v/hr
while the conversion decreased from 0.29 to 0.049. Dumez

and Fromenteg-'found that n decreased from 0.55 to 0.35:‘ivith
increasing time én stream. Even though the model can predict

the coke content with respect to time of deactivation, 1t

is not a rate law from which mechanisms of coke formation

.:U can be derived and cannot be used to study the kinetics jof
< " deactivation.
Levenspiel'é7 proposed a model for the conversion of
reactant A to product R based on the separability approach.
A summary of the model is as follows:‘
ré}' 2.5.1 Levenspiel's Model
For the conversion of reactant A to product R, Levenspie16
proposed the following reaction paths for deactivation based
on separability approach.
A >R + P (1)
or
A -—>R (parallel reaction)

%

[
-,
Liv]
[\%]

A > R - > P (Series reaction) (3)\

A —— R {Side by side) . (4)'\

A > P (5)
@ where P is the coke.

The rate equations for the main and coking reactions are

given by: ) . -
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Reaction rate = Fy(fart corure) * F3 (concentration’”
Fs ‘aiﬁﬁiiiﬁé’t"f’ | | (2.5.1)
T, = k 92 a = kg (exp (TE/RT)) C; a - (2.5.2)
vesctivation rate - 5, (LI ¢ nainstrem
o (GEtammyes® 2.5.5)
:%% = kd Cz1 ad = kdo(exp(-Ed/RT)) C;T ad (2.5.4)

A > R = P ¢ _
\“ o ' (B}
! .
% = kd(CA+‘CR)n ad | (2.5.5

Since CA + CR is a constant for specific concentration

— = k ad (independent rate of deactivation) (2.5.6
Solution to rate eguations for specific conditions.

A. Conditions;
(é) Activity independent of concentration =¢un1=o
(b) . 1st order reaction =——3 n=1

({c) 1st order of deactivation =—— d=1

(1) For reactions performed with batch - solids and batch
fluid:
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(i1}

(1ii)

(iv)

(v)
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a = a_ exp (—kdt) _ {
c k | -
‘nZRe L 2 (1 - expl(-kyt)] (
A d
For reactions performed with batch-solids, mixed
5cdnstant flow of fluid:
a = ag exp (-k t) : _ {
Ke ' oo
“‘l-AO.-i{ = an(kt) - k.t (
cC d ‘
A
where
T = W_CAoiFAO (

For reactions performed with batch solid, plug cons

flow of fluid:

a = aO exp(-kdt) ' (
) .

in Ezn(-i‘2 ] = n(tk) - k.t (
C, a-

2.5.7)

2.5.8)

2.5.9)

2.5.10)

2.5.11}

tant

2.5.12)

2.5.13)

For reactions performed with batch solid, mixed changing

flow of fluid (keeping CA fixed)

tnt = kdt + ﬂn(CAO— CA)/.kCA o

where the feed flow rate is varied to keep final

concentration of reactant constant.

2,5.14)

For reactions performed with batch solid, plug changing

flow of fluid (keeping C,, out fixed)




L,

A
p

WY

€

>
4!

{2.5.15)

The above method for the prediction of the activity of
the catalyst with respect to time of deactivation can be
extended to any reaction order n and deactivation order d

if activity is concentration independent, i.e n = o

B. Conditions:

(a} Activity made independent of concentration by
keeping concentration of reactant CA’ constant
(b) nth order of reaction

(c) dth order of deactivation

For parallel deactivation in a mixed reactor,

A ———> R
\P+
t n _ n Lt .
r, = kCA a = (kCA ta = kdg | (2.5.186)
1 '
-da _ n _d _ n 4 ' _d
3t - kch a = (kd CA ya© = kd a {215.17)
where CA is kept constant
From the equations above
'd-1 ,
| T = C1 + Czt {2.5.18)
Where:
c, = (c, -c)%7’ 1 (2.5.19)




-

d-1

e c, = (¢, ~-Cl)

& 2 Ao A (@~1)k (2.5.20)

™~

T = WCAO/FAQ (2.5.21)
For zeroth order of deactivation:
k'k :
Ao T d £+ K
T = — R {2.5.22)
T -
oy (CAO-CA) (CA0 CA)
2
1st order of deactivation:
' C - G,
en ¢ o= bR ALy (2.5.23)
d
k .
2nd order of deactivation
s ' C ' c '
t = “Ao _CA + (“ao a' kg
K’ k' t (2.5.24)
' 3rd order of deactivation
2
. c__-C.) C - C.) 1
() =4iRe A, 2lRo A kot (2.5.25)
k- k

— With the right ‘order of deactivation d, a plot of =

= _

h versus t will be linear in accordance with egquation (2.5.18).
While Levenspiel's model is based on sound theoritical
principles, it cannot be used in this work due to the
following reasons:

(a) The rate equation is based on a simple reaction system.

= (b) In most cases, the activity of a deactivating catalyst

‘*”

d

is dependent on the concentration of the reactant.

S T e

+
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Ievenspiel's method of keeéing the reactant concentration
constant during_deactivation for such cases is
difficult fo attain in reality. A timej|consuming
experimental scheme is necessary to attain this
condition in the laboratery: A series of experi-
ments are performed at various space timeT T with
each experiment serving as a data point at a given
reactant concentration CA in order to obtain a

single model of the set conditions.

(c) While Levenspiel's model will give information
about the orders of deactivation and reaction, it
will not provide any information about the number
of active siées involved in the main and cokiing

reactions.

(d) Furthermore, the model does not take into considera-
tion, the mechanism leading to deactivation. Hence
all information in the types of coking that has

been observed in catalyst deactivation is lost.

2.5.2 Model of Froment

Froment63 developed two models for the catalyst deac~
tivation by coking, one describing catalyst deactivation by
purely site coverage and another describing the deactivation

by both active site coverage and pore blockage by coke.

A. Site Coverage

For a single site: If the conversion of A to B is rate

N

controlling for the reaction: ..
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Am——=B8 = (1)
The rate equation is given by:
r, = erAC1 (CA - CB/K) 7 | { {2.5.26)
The irreversible adsorption of the coke precusor C is
represented by:
- cC +1 —> CI ‘ (2)
The total number of sites is given by:
€L =Cy # CA * Cp ¥ Ce {2.5.27)
1 1 - 1
- but CA1 = CAkA C‘l and CB1 = kB CB C1 (2.5428)
Substitute in (2.5.27) and divide by C,.
l | | \
Cp = Cy(1 + KC, + Ky Cp+ cc1/ <) (2.5129)
r Substitute (2.5.29) into (2.5.26) and rearrange
o i,
¥ . - kr Cy Kp (CA CB/k) |
A ) (2.5./30})
1+ K, Co + KgCp + cc1/. €,
‘ _c, -cCc. k_ c_ K_{c, = cC_ /K
or rh = t oF r "t A A ‘B (2.5 .131)
Ce i * Ky CA+KBCB
Q eqn. (2.5.30) is non-separable while equation (2.5.31) is
separable with Ce - Cc1 being the fraction ofr_actlve sites
| Ct Il Y
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for single main reaction. #or an MA sites of the main

reaction the activity of the catalyst is given by:

<1 (2.5.32)

If the coke precﬁsor is formed by a reactidn in parallel to
the main reaction i.e Al —-——> (1

the rate equation for the coking reaction is given by

and if the coke precusor is formed by a reaction in series

with the main reaction, i.e. B1 ——> C1

Coi K C Ky e, G .
c 6 . = = c (2.5.34)
b+ Ky Cp v Klyo

Following the same procedure as in the main reaction and@ for .

m coking sites, the coking activity is given by:

<1 (2/.5.35)

The rate of coke formation T, and the rate of fractional

. o] . .
site coverage, r_ + is given by:

o
. r .
PPy =Sy : (2.5.36)
S C c M C
t ¢

Froment63 related the activity ¢ to the rate of fractional

site coverage I by the equation:
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and for differentiél operation,

B.

1.

coverage and pore blockage, Froment63 made the féllowing'

assumptions:

1.

1
i

i61

: t
- - _ o) .
= ¢c = exp( 7 rg dt) ‘ . (2.5.3))

¢
A o

— — - O . .
¢4 T 9, T expl-r_ t) ) ( (?.5.33)

Site Coverage and Pore Blockage

Deactivation in a Single Pore

For deactivation by coking in pores through site

Single site mechanism for both the main and the coking
feactions.

The size of a molecule of coke dependes on the reaction .
conditions and may become large encugh tb block the
pores

The coke precusor depositslin a random manner on the
active sites,

The rate of coke growth is extremély fast compared to
the rate of formation of the'coke precusor on an active
site

There are no diffuéional limitations.

Catalyst has single ended pores

No concentration gradients in the catalyét pore and

the gas phase composition is kept constant with time,

Based on the above assumptions, Froment63 derived an

expression for the local deactivation function ¢ {t) as the
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product cof two probabilities: *he probability that a site
is accessible at time t and the conditional probability that

an accessible site is not coversd

N

¢ (t) = (% ES exp(—nrO t) - exp(-N r° t)) (2.5.39)
: S s's
s n=1 .
= (F '
ra (‘A)o ¢ (t) , (2.5.40)
2. Deactivation in a network of pores

For deactivation in a network of pores, the following

assumptions were made:

1. A micro - macro pore hetwdrk with micropores and
macropores branching into two macropores

2. The rate of growth intrinsically much faster than the
rate of formation of the coke precusor

3. The coke can grow to a size that can block the micro-
pore but not the macr0pores.. |

4, There are no concentration gradients in the pores.

: ‘ . 6 .
Based on the above assumption, Froment 3 presented the following

A A'p

model:
o(t) = ys(t)(1-g?) + (1-y)s(t) (2.5.41)
q = 67V ;1-S(F))/1.+ B}V(1—;(ti)) (2.,5.42)
s (£) = exp(-rg t) _ (2.5.43)
r = (r,) ¢(t) | (2.5.44)
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Froments approach offer guite a lot of information useful i

the study of the changes in the physical properties of the

n

catalyst with the time of deactivation. .However, the model,

as far as I know, has not been used by aﬁybody else, The

model, if successfully used,

offers some advantages over th

other models in providing information on some properties of

e

the catalysts structure like the number of active sites per

micropore and the ratio of micropore and macropore in the

catalyst and how they affect the deactivation of the cataly

2.5.3 Cooper and Trimm49 followed Froment's approach63 and

represented the main r=saction as

A+* —J.A*

*

K" ——— B*- (rate determining step) (2)

B* = B + *

The coking side reaction may involve either A* or B* and wi

(1)

(3)

st.

11

result in the total number of active sites (Ct) being reduced

by the number of coked sites

1

and the coking reaction will

sites increases, and Froment

equation:
k
- *
where o is a constant, —g%~
sites, Cx, and dck is the

dt

(Ck). Both the main reaction
slow as the number of coked

expressed this.in terms of the

(2.5.

is the rate of loss of active

coking reactions., Then for

41)
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different.order coking reactions, we may write:
Zero QOrder:

e C, (1 - aCp) (2.5.42)
dc
k
tst Order -
-aC
B T R TR (215.43)
dck . t
2nd Order
- gg—* = aCy 7 Cx = C, ! (2.15.44)
k 1 + aCy
Oor in general
Cx = Ct ¢ (2.5.45)
where ¢i-is the deactivation function. Expressing the
kinetics of coking in terms of the Langmuir - Hinshelwood
approach for the coking sequence of the type
r.d.s
ha, »>C + nA ——> Coke (2.5].46)
(hth site mechanism}
dey h k(¥aCa)” ¢ i
—=— = kIA,] *h (2.5147)
(1 + £K.C.)
33
or
dac h B h
k
d“"tk Hala) Gt ¢4 (2.5.148)
(1 + tKC.HT
33 )
where k. is the adsorption coefficient and ¢, is the concen-
tration of the species. Or in terms of the various deactivation
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functions.

ac, '
=5 = r ¢, _ (2.5.49)

where ro is the reaction rate in the absence of deactivation.

2.5.4 The model of Corella and Asua:
The model of Corella and Asua50 is based on parallel
coking system which for a non simple reaction, they are

represented by:

A+ B —>» R+ V {1)

A+B —m— S +V (2)
A + 6B —» 4U + 4V (3)
(n+h)A —_— P ‘ (4)

or for simple reactions, represented by Froment's egquation:

A ———> R + 8 ' . (5)

M — P . {(6)

Reactions (1) to (3).and {(5) are the main reactions while
reactions (4) and (6) are the coking reactions. M is the
substance causing deactivation and it is adsorbed on the

catalyst surface.

Corella and Asuaso’68 represented the rate of activity decay
by
' . . n+h
da _ {kinetic term) (Pressure term) Xad
de (chemisorption term)’ | (2.5.50)
where d, the order of deactivation is given by .
d=m+th-m _ : (2.5.51)

m
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The different mecn:inisms of the model of Corella and Asua

are given by:

Mechanism d-1: M is adsorbed in the coking reaction the same

way it is adsorbed in the main reaction
[— I ’ - 7
Mo+ I == M3 Ky = Cu/Pn %1
adsorption step

nM(g) + hMl =—>= PjIh

coke precusor formation step

P, —_— .
P1IH“T___ PZIkl"r‘_m_“ PBIh
‘coking sequence step

when coke precusor formation step is rat

e controlling,

for h =1
n+1
Vm t kd Kmpm at
a = exp(- [ ‘ . -
o 1+ KAPA+KRPR+ KSPs(m 1)
(ii) for h #1
h h+n
a“'h”m _ =h{1-h) ft ks ¥n Pm at+1
- 1-h
o} (1+KAPA+KRPR+(m*1)KSPS)
—da h=1 h n+h
a - {(mhi dem P /((1+KAPA + KRPR+(m—1)KSPS))]
m+h—1/m
X a

The order of deactivation

d={m+ h-1)/m

(7)

(8)

(9)

(2.5.52)

h

(2.5.54)

(2.5.55)

7
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Mechanism d-2: M is adsorbed in a different way in the

main reaction as M1, and adsorbed in the coking reaction as

M*1. This indicates a aifferent energy of adsorption

*

Mot =l ' K =C_*1/C.P_
(adsorption step) {2.5.58)
nM (g) + hm*1 —_ X P11h: kd = CP /C . Pmn
(I (2.5.37)

{coke precusor formation step).

Pilys=—=== P,y 3

h

{Coking sequence step)

when the coke pfecusor formation step is rate controlling,

for h #1,
h h+n
- *
e o ongen ot k¥ Pn atf+ 1
= Ti-m ) _ *5 1h
L o (1+KAPA+KRPR+(m T)KSPsfhum)

The summary of the different meqhanismg and the corresponding
deactivation functions $(Pi,T) are shbwn in Table (2.5.1).

The models by Corella and Asua50 are very comprehensive
and informative. Deactivation parameters useful in analysing
the specific mecﬁanism of catalyst deactivation can be obtained
from them. However, some of the models will be difficult to -
use due tp insufficient information on égme of tﬁe cénstants,
likg Km* necessary to model the catalyst deactivatiion. The
assumption that h is both the number of active sités involved

I

in the rate controlling step of the deactivation reaction



Table 2.5, 1

Mechanism and model of deactivation by Corella and Asua

_ Deactivation functioen, m(P1,T)

Mechanism Controlling step; 2nd Cohtrolling step; 3rd
- o - — e -
d-1 -I‘I.M(g)'*‘ hM1—> P11h d-1 -— P21h - 931}1_‘%‘—7
h-1 h., n+h _
mhlL kd Km Pm for h—1_ . n+1
h mk.K * P
(1+KAPA+KRPR(M—1)KSPS) (1? d m m. o n (4)
1+KAPA+KRPR+(m--1)KSPs mom
[s o] - * .
' -1 hp n+h
mnL kK F : n+1
R dm _m for h=1 * 1
' mde m Pm
h ' n+1
(1+K. P_+K_P_+{m-1)K_P _+K* p ) (2) _ * L (5)
A°'A R R Ss m o m 1+KAPA+KRPR+(m 1)KSPS+Kumj+Km P
+M +M
d=3 nM M1 — P 1y d-3 Pyl === (g)=P,1, — (a)—> Pi, .
: for h=1
(same as equation (1) mde p n+3
m m
n+1 n+2
1+KAPA+KRPR+(m—1)KSPS+K1Kum +K1k2Kum ()
. M M |
d-4 nM +.hM 1T —> P, 1, d-4 Py e (9)P, 1 —> (9)931h
{same as eguation (2) for h=1  ne3
mde *Pm
n+1 ¥ * n+2
1+KAP o +KRPR+ (m=1) K Pg+K KEp " +K1KoKpPp — (7)
. ; L. . . A =
: ) i £, £y (e )
ey L i . P - T )
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Deactivation function, ¢(PiT)

Mechanism Controlling step: 2nd . ' 'Controlling step: 3rd

d-5 nM,_,+h11 —> P, 1 _ : - tM1 M1 1
(@ b - P Pty L

(same as equation (1)

= d
da/dt # w(P.T) . a (8)
1
- . - —_— - .
d—-6 nM(g)+hMl——.¥ P11h P11h-=.—— P21h+1b —_> P31n+1b=_-=-.-
h+n :
h-1 h :
mL (h+1)k K P -da/dt # v
d { 3 d
nn— (3) (p,T).a (9)
(V+R, P +KpPp+ (m=1) K _P ) :
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as well as the number of adsorbed reactant molecules involved
in the same rate controlling step of the deactivation|reaction,
presupposes that one adsorbed reactant molecule occuples only

one active site.

2.6 Coking Level On Pt/Al203 Catalyst

Barbier et a169 established that two temperatureL exists
at wnich two peaks of coke'formation aon Pt/A1203 can be
identified. At the lower temperature of 200°C having the
smaller peak, the quantity of coke formed on the platinum metal
site can be burnt off fastest, while at the higher temperature
of 380°C with the higher peak, the quantity of coke deposited
on the alumina support can be burnt off at the fastest |rate.
They also found that the greater the metal dispersion, [the
greater the amount of coke deposited per equal amount of
accessible platinum metal site. In other words, the toLal
amount of coke deposited on a given gquantity of catalst is
a function of the number of platinum metal sites accessible
' 70

for reaction. In agreement with the work of Tarnam and (Kriz

they reported that the amount of coke deposited is a function

of the catalyst composition. They observed that coking |is

more extensive on Pt/A1203 with large platinum loading.
Cooper and Trimm (49) in their contribution to thel study
of coke deposited on PthlZO3 measured tpe rate of uptake of
carbon by the catalyst using pressurized microbalance for
n-hexane, cyclohexane, benzene, 2- and 3~ methylpentane and
MCP at standard conditions. Typical results show that coking
induced by benzene and cyclohexane occurs at a low rate,

while every other hydrocarboh produées relatiﬁely high ccking.
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The tendency to coxe formation decreases in the order

MCP > 3 = methyl pentane ~ n-hexane >

> 2 methyl pentane > benzene > cyclohexane

Using n-hexane as typical of a high coking hydrocarbon

and benzene as typical of a low coking feed, they carried out

.various tests on the assumption that coking was connected

with acidity. Coking was compared in the absence and presence
of C1” in the feed. Coke formation from benzene remained
approximately the same. They then examined the effect of
temperature on coking for two hydrocarbons and found that the
relative rate of coking were maintained at all temperatures.

By COmpariné.the coking of Pt/A1203 catalyst by Cg
hydrocarbons, Cooper and Trimm49 concluded that the rate of
coke .formation may be fast (n-hexane, methyl pentanes) or slow
(benzene, cyclohexanes). The activity of the catalyst appears
to affect fast coking but not slow coking. Coke, involving
carbon and high molecular weight carbonlike polymers, can |be
formed on metals71 and on acidic catalyst72. As a result,slow.
coke formation from benzene and cyclohexane could be attributed
to the inert nature of the hydrocarbons or to the fact that
reactions involving these hydrocarbons occur predominantly on
the metal function.

Lankhofst et al73 reported the possibility of hydr?genat—
ing coke deposited betweén the temperatures 210 and 310°€'in
the hexane reforming reaction, and the failure to hydrogénate
the coke formed at high temperatures like 450°C due to the

massive deposit of the coke at such temperatures. The result
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of Lankhorst et al73 showed that the rate of coke deposition
on a naphtha reforming catalyst depends on the surface coL*
centration of coke precusors {(mainly olefins) and the H, that

hydrogenates them to harmless paraffins.

2.7 The Role of Rhenium in Bimetallic Pt-Re_/A1203 Catalyst

Despite the fact that Pt-Re/A1203 catalyst was introduced
into the reforming industry in the late sixties, the role of
rhenium in the bimetallic catalyst is still unclear.

Whether Pt and Re form an alloy when supported on alumina
as they do when they are bulk metals has attracted the atten-
tion of many researchers. Evidence for some substantial
interaction, possibly alloy formaticon, comes from the shift]
to lower temperature of the H2 uptake corresponding to Re
reduction when Pt is present74.' H2/02 titrations have provided
evidence about Pt-Re interactions. Compared to the separateLy
supported metals, the bimetallics showed reduced H2 and
increased 02 uptake, suggestive of alloy formation in the
Pt/Re/A1203 catalyst7s.

Reaction studies were also used to probe alloy formation.
Laboratory investigation of several reactions revealed comple¥

behaviour76. Activity for 1,1,3 trimethyl cyclohexane hydro-

genolysis declined monotonically as Re was added to a level

less than that obtained when the two meta’s were supported

separately. Activity in benzene hydrogenation, cyclopentane
hydrogenolysis, butane hydrogenolysis and benzene - deuterium
exchange was a maximum near 70% Re, This beha&iour was

understood as the combination of the monometallic activities

with a subtle (undefined) electronic interaction between the

T
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metals. The same investigators later confirmed their findings
for cyclopentane hydrogenolysis and.showed that:the magnitude
of activity enhancement was correlated with the extent of
Re reduction temperature décrease74. Subsequently, they found
no activity increase for n-heptane decomposition, but increas-
ing selectivity towards aromatics as Re was added77. More
recently an extensive study of the effect of Re addition on
reactions related to reforming78 showed thét rates of produc-
tion of benzene from methylcyclopentane and of toluene from
methylcyclohexane and the rate of self-deacﬁivation by methy-
lcyclohexane (sho}t term) were unaffected. In contrast, the
rate for methvlicycleopentane ring opening decreased, as did
the rates for toluene dealkylation and self deactivation by
methylcyclohexane (long térm). The létter reactions are
believed to be structure sensitive while the former are not,
suggesting that Re directly affects Pt, as would be expected
if Pt~Re alloys formed.

Surface area measurement has been used to examine the
effgcts of catalyst pretreatment on reduced Pt/Re/Alzo3

cafalystsTg. The results indicate significant alloy formation

. in reduced Pt/Re/A1203 for all drying temperatures of 500°C

or less. While the surface amount of unalloyed Pt-Re is
insensitive to the drying temperature, the surface amount of
unalloyed Re varies significantly with the drying temperature;
Reduction of the Pt/Ré/A1203 catalyst dried at‘100°C,-which
contains no unalloyed Re, is complete after Thr of 500°C H,
reduction. Reduction of the Pt/Re/A1203 catalyst dried at

i
500°C H, whichldoes contain unalloyed Re, is not complete

2

. until after 15h of 500°C H, reduction. For both drying



74

temperature, alloy formation is COmpiete after 1h of 500

H2 reduction.

The works of Dowellgo, Cooper and Trimm49 showed t
one of the advantages'of rhenium in the catalyst is the
operation at low pressures and high temperatures without
excessive coke deposit that charactééize those condition
with monometallic catalysts.

Bertolocini and Pellet81 explained how rhenium pre
cycloPenfane dimerization to naphthalene, which is a str
coke érecusor, by promoting the ring opening reactions t
harmless paraffins. They also pointed out the inability

rhenium to prevent deactivation in cases where naphthale

°C

hat

the

vents
ong
O

of

ne is

formed from some other sources. They observed that rhenium

does not have to stay together with platinum on the same

support to function. However, they must be close and mi

together {especially if the coke precusor is formed in ¢

reactor).

2.8 Model Used for Catalyst Mortality:

xed

he

Following the method of Cooper and Trimm49 and Correla

and Asuaso’sa a model which makes use of both concentration—

time data and the data required by the model of Cooper and

Trimm was derived by Omoleye52 for the modelling ¢f the|

deactivation of Pt/A1203 catalyst b, the dehydrogenation of

cyclohexane to benzene.

Consider the general coking reaction scheme

nA + ha* ——— p’; (slow) . _ (2)
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,of coke. I is of the form:

75

(3)

p¥ == P*  ———=
3 _— . v

*
P

In the above scheme, provision is made for the reaction of
free reactants with adsorbed reactants for the production
of coke precuéor. The method of Cooper and Trimm made no
such provision as it only accounted for the interaction of
adsorbea reactants for the formation of the coke precusor.

The rate of growth of number of coked sites is given

by:
ac
Cp h
= = KCa Ca (2.8.1a)
= ro, (2.8.1b)

where r, is the kinetic equation of the main reaction deter-

mined from the kinetic data at zero time or in the absence

kKK.C. - KK #4iC,
373 !

s ~ (2.8.2)

1 + IK.C.
J 3
Therefore
n n+h ' h n+h
dac kK, C, - (K #wC.
k _ 5 C4 (K ) J)

dt ) (2.8.3)
1 + ZK.C.
{ 3 J)

The change in the number of active sites with respect to

the number of coked sites is given by:

dc » n (2.8.4)
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Cx Cx
g% o e (2.8.5)
c. C, o
Since at t=0, C, = Ct’ Cy = 0
Case I, n=1
Eguation (2.8.5) becomes
-aoC
: ) K ,
G =G e (2.8.6)

For m—-th site mechanism of the main reaction the activity

a is given by

a= (%) _ (2.8.7)
Substituting equation (2.8.6) into équation {2.8.7) yields

a = [exp(- « Ck)]m : (2.8.8)

Equation (2.8.3) becomes

h '
dc kK, C. = (K) (v C.)
_k . i i x ! (exp(-a Ck)h

dt h t
1 + LK. C.
( KJ J)
(2.8.9)
From equation (2.8.8) and (2.8.9)
1+h . 1+h
not Ko - &)
a = jehkc, J l_J = at + 1
1 + ZK. C. .
u o ( KJ J)
(2.8.10}

Eguation 2.8.10 implies that a plot of
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b h
~h t Kj.C. - (K) (rC)
m versus [ _ de

© (1 + EIK. C.)h
J 3]

a

should yield a'straight line with an intercept of unity for

the right value of h and m.

Case II, n#1l

Cx = ECt - (1-n) ¢ Ck] (2.8.11)
_h
h n+h ' n+h -1 1-h
dey, kiR, ¢y - (k1) (mcy) Lo T sienec,
e - (1 K, C.)f £
+ . .
3 73 -
(2.8.12}
Finally m
n-<h-1
h n+h . h n+h 1
. ahenek S K Gy 7 KD C) at .,
n-h-1 o h
. 1 + EK.C.
Ct ( 3 ]) 1
(2.8.13)
Equation 2.8.13 implies that a plot of
aohe] h _hth . h n+h
t K, C. - (K ) (#C;)
a versus S 1] T dt
o (1 + 1K, C.)
3 3
(2.8.14)
should yield a straight line with an intercept of unity for
the right values of n,m and h,
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although the equations look complicated, the experi-
ﬁﬁ | mental data (concentration - time) data required to determine
_its parameters are quite easy to get. Again, the use of
computers makes numerical solution to problems of this jnature
very easy as the algorithm required is so well known - least
square fit for a linear plot and Simpson's rule or any other

¥

rule for numerical integration. The n, m and h values

L* obtained from this model have mechanistic implications ijjust
- like those of Corella and Asua50’68.

2
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2.3.

1:

4 ‘ 8 12 16 20 24
CYCLE NUMBER

Cycle Life Time Versus cycle number
(Pt/Al,0,, 430°C)
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CHAPTER 3

DEVELOPMENT OF MECHANISTIC KINETIC MODELS

3.1 Constant Activity Kinetic Hodels

3.17.1 N - Octane

3

In.a recent publication, Ako and susu1 used the pulse
microcatalytic reactor to determine the reaction network for
n-octane dehydrocyclization on acidic and nonacidic Pt A1203
catalyst inIH2 carrier at 1.8 atm pressure and temperabure;
between 563 - 673k. The use of the pulse microcatalytilc

]
reactor minimized coking and enhanced the identification of

the primary products. In that work, the following sequence

of single reactions was identified as occuring on bifungtional

Pt/A1203:

ethylbenzene

n - Qctane —EEEE» iso octane : (1)

o-xXylene
P - and m - xylene were found to be secondary products.
In the pulse microcatalytic reactor, the dehydrocycti-

zation reaction was relatively clean as no significant

L]

hydrocraked products were detected. With the CSTR howevFr,
the yield of hydrocracked products was high and this has| to
be accounted for in the kinetic scheme. The network was

therefore modified for the CSTRVas:

HCP ethylbenzene

n-octanedfﬁzggﬂi iso octane | (2)

o-xylene




ul

P

R

el

87

REACTION MECHANISM

The classical bifunctional mechanism is assumed to |
account for the products of n-octane conversion._ The majér
aromatic products of n-octane dehydrocyclig?tion were thoﬁé
predicted by direct 1,6 - ring closure. The sequence of f
elementary steps for two reaction schemes is shown in Tabﬁes
3.1 and 3.2, The dehydrogenation - hydrogenation steps i
occuring during the bifunctional mechanism have been omitéed
for ease of development of fhe rate equation. In Scheme ﬁ,
n-octane is adsorbed on metal sites and the dehydrogenate@
species migrated to the acidic sites where(it is hydroiso-
merized or hydrocracked. The iso-octane then migrates to the
metal sites for hydrogenation prior to desorption (reactio% 5).
Hydrobracked products are desorbed (reaction 4) after forma-
i
tion (reaction 3}. The predominant source of ethylbenzene
and o-xylene is iso-octane, p - and m- xylene are thenlforﬁed
from any of the preceding products. Since the secondary
products are probably not rate~determiningﬁ1they are ignoréd
in ﬁhé kinetic sense although their coverages are accounted
for in the site balance. The only difference betweén Schemes
|
I and II is thét hydrogen coverage is assumed to be sparce:
on the catalyst surface in Scheme II while it is incorporated
into Scheme I.
In either scheme, each of the elementary steps could
be rate determining in principle although sgme of the stepé
are unlikely candidates. In Scheme I, if the adsorption'of

n-octane is rate determining, the rate of the reaction is

given by:



ul

88

r, = k1 CN(S) - kz(NS)
The site balance is given by:

1 = (S5} + (NS} + (IS} + (HCPS) + (EBS) + (0OXS) +

(PXS) + (MXS) + (HS)

|
In the concept of the rate determining step, all other steps

(3.1.1)

(3.1,.2)

are in guasi - equilibrium and the unknown surface coverages

(S), (NS) in equation (3.1) are expressed in terms of fluii

'
phase species concentrations.

3.1 becomes:

In this mannér, equation i

where
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= K11, K12 = adsorption constants for m - and p - Xylene, [
1
" respectively. _ |
4 ]
It is unlikely that the production of hydrocracked !
products will be rate - determining and hence reactions 2 |
.- %
and 3 are ignored. A summary of the 8 derived rate equations
for Scheme I are shown in Table 3 while those for Scheme IT |
-~ are shown in Table 4. E
i , ' |
i
Table 3.1: Sequence of Elementary Steps for N-Octane Reaction
, (Reaction Scheme I) i
1 .
N + S —— NS (1)
2 ' |
= 3 o "‘
- NS —————> {CPS (2) !.
{
4- }
~ ’:
. |
cPs ° :?
! == HCP + S (3)* -
6
¥ e 15 (4) :
- 8
"‘ l
‘ 9
IS = = I + S (5) |
10 i :
- |
’ Is + s* 11

=" EBS + HS® (6) ‘
12

- +*
—_ —== 0X5 + HS

(7) L
14 : ewn
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15 :
e EBS — == EB + S . (8) tl
! '1
17 '*
0XS — m— OX + S (9) '
18

| \
19 \
H S = ‘\
!

(10)
20 '
r

* For the stoichiometric balance of steps 6tand 7, six

adsorbed hydrogen atoms are necessary for the formation ofi
adsorbed ethylbenzene and o-xylene. However this will result
i

1
in an exponent of 7 for the denominator of re and T,

(Scheme I) which is considered kinetically unacceptable.

Hence, only one type of adsorbed hydrogen is considered to 1
L
yield a more acceptable exponent of 2. The kinetic implica{

b i
tion of this assumption is that hydrogen atoms are adsorbed.

in patches on the catalysts surface.

'
Table 3.2: Sequence of Elementary Steps for N-Octane :
Reaction (Reaction Scheme II) :
& .
o ' 1 )
N + 5 = = NS (1)
2 i
3 i ’ :
N S === (CPS {2) : )
4 {
5
o CPS —_— = (P + S

(3)
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7
N S === I 8§
8
9
IS _—— I + 5
10
11
IS =————= EBS + 3H,
12 '
13
IS e = QXS + 332
14 ‘
15
EBS — > EB + S
16
17
0XS == == 00X + S
18

{4)

(5)

(6)

(7)

(8)

(9}

Table 3.3: Derived Rate Equations for Scheme I

RATE DETERMINING STEPS

1. adsorption of n-octane (reaction 1)
k
k, £.. - 2
_ 1 ™N _— C
Ty © KeKs 1 | |
T+K5 C C C C C C
14 (ge2)Cq + 2SR + "EB + “ox + “BX 4+ "Px (H ) 3
X5 T K37 x K K17 K " —2
8 9 . 12 K
10
2,

{reaction 4)

. h

& . .

Conversion of adsorbed n-octane to adsorbed iso octane



kK Cy - 8 G (3.1.5)
5
I CcP CEB Cox CMx ng (CH )i
1+K1C + W + ® + 7 + SO + 7 + % + 2
5 3 8_ 9 11 12 K1O

Desorption of adsorbed isococtane ({reaction 5)

’ .

- (3.1.6)
kgKiKy Cy 7 k40 1 |
C C C C C., 1
1+(B *Ky )C -+ ;P + KEB + KOX + KMX . BX ( Hz)
8 9 11 12 Kig

Conversion of adsorbed isooctane to adsorbed ethylben

{(reaction 6)

Zene

k i

12 3 (3.1.7)
k KX, Cy - T xR c C _
111 N . KgKyg "EB TH, i
c. ¢ c c C c. = }

I cP EB , Mx , _Px H,™- | 2
(1+KC._ + + + + + + 2.0 4 Coxt

1N Ko Ky Kg Ki; K —= " " JOX])

| K10 Ky!
\ E
!
The conversion of adsorbed iso octane to adsorbed ﬁ
!
. : |
o xylene (reaction 7) A ' i
} |

- (3.1.8)
kK13KqK g € 7 K44 Cox Cn, |
_%; 2 1
|
1+K.C C1 CcP + CEB + Cox CMx CPx + CH f

o8 KT R X R k. 'K -—2—)
3 8 9 11 12 K

|
\
!
Desorption of ethylbenzene (reaction &) ' T
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F15 Ko S - k. c (8.1.9)
K 3 ™6 “EB
r = 5 Cy i
8 2 {
. 1 i
3
1 + K.C. + C_I . CCP 56 I7<M1 CI . Co:-:+ ch CP}‘; . CH
TN Ky Ry Ks of K Ky Kygo g
H 12
2 l
i
- |
7. Desorption of o-xylene (reaction 9) E
k.-K C
17 10 - kg (311.10)
- KS 18 ~“ox
r = C
5 H, \
Ct Cop Cgp kK0 G Cux  Cpx | e}
1+K,C + — + + + + +  H
1°"N K K K K ¥K K P2
5 3 8 5 CH- 11 12 R
2 '\ 10
8. Desorption of hydrogen (reaction 10] ,}
|
|
|
“o KeKg 1 _ Cé (3.1.11)
r.o = K5 Cep 20 H, \
i
I
ke o X, Sep, SmB, Sox, 6% 1, Cmx | Sex
TN K Ky Kgo Ky Kg | e Kq1 Kq3
l
Table 3.4: Derived Rate Equations for Scheme II 5
k
RATE DETERMINING STEPS b
|
1. Adsqrption of n-octane (reaction 1) l:
. ‘ |
K ‘
.- fOy T 22— o (3.1.1‘,2)
1 ‘ 4 Kg . f.
' + K C . ';
1+(1 * 4 Yoo + cP CEB + _Cox + CMx + CPx !
Rgks 1 Kj Kg Ky K10 K1 !
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conversion of adsorbed n-octane to adsorbed isooctane

(reaction 4)

—— " —

kg
k7K1CN - E; CI (i o .13)
|
1+K, K C C C C
1 +{ 1 S)CI ., _cp  _EB ox . Mx CPX ]
Kg K3 Kg Kg K10 K, \
Desorption of iscoctane (reaction 5) ‘
'k9K1K4CN - k1OCI (%.1.14)
) C C C C, G
1'+m1+K£H)CN + KcP +'KEB‘+ Kox. + Mx EPX
3 8 9 Kio Koy
|
Conversion of adsorbed iso octane to adsorbed |
ethylbenzene (reaction 6) ]
k k | |
11 12 3
— C - —_— C C (3.1 .15)
Ke T Kg EB H, |
C C C C C C !_
i+ K1CN + K£ . .cp , TEB , OX , “Mx Px I
5 K3 Kg  Kg K10 Kqq
Conversion of adsorbed iso octane to adsorbéd !
o-xylene (reaction 7) {
|
k13 . ) k14 . C3 (3.1.15)
=
5 1 Kg oX HZ
C C C C C. C
1+ K.C +K'£+ c.P+EB+‘ox+KMx+ Px ,
N Ky K3 Kgo Ky 10 K19
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Desorption of ethylbenzene (reaction 8)
C .
kiskg L. - k (3.1.17)
ry - T % C 1o
8 _ 5 H, r
K5 K3 5 2 Ky Kio  Kqq
7. Desorption of 0-xylene (reaction 9)
k. K, °I (3.1.18)
1759 L - k. cC -1
r - CH 18 Tox -
9 K5 2 ,
1 + K C\] + C—I - CCP + CEB + k_7 CI + (EO—X + -—--—wa C—-—Px | !
. 3 ]
H
2
3.2 ISC OCTANE /

Mechanistic rate equations were derived on the basis

of the generally accepted mechanism for skeletal isomeriza-

namely:-

tion32
Adsorption of the reactant (paraffin) on a

1.
dehydrogenation - hydrogenation site, followed by

.dehydrogenation into an olefin;
Desorption of the olefin from the dehydrogenation f
!

f

!

2.
- hydrogenation site and diffusion to a skeléetal

re-arranging site, which converts the olefin to
iso-clefin via a carbonium ion mechanism, and f
:

Desorption of thé iso-olefin from the skeletal |
|
on

3.
re-arranging site and diffusicn to a hydrogenati

dehydrogenation site where it is finally hydro~ !
- ‘!
!

~

genated into a paraffin molecule,
- ]
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For an industrial bifunctional reforming catalyst,
this mechanism can be written as shown in Scheme III below:
Table 3.5 | |
Se@uence of elementary steps for the isomerization

of iso-octane {(Scheme III)

Dehydrogenation (metal site)
1 A
A ) Az ; K, = [az]/{Al (2] (1)
2
3
AL+ 4 === M1 + sz ; K, = [r—u][ﬁzz]/[Af.]u] {2)
4
5
H, % =——— H, + 1 : Ky = [HZ][RJ/[HZU (3)
6
7
M3 —_ M + & ; K_4= M][e1/ Me] (4)
8
ISOMERIZATION (acidic site)
) ; |
M + 8§ ==———= MS ; KS = [MS}/IM]IS]
.10 :
11
o= x ; K = [(%]/WM5]
12
13
NS =—=——== ys+s ; Ky = I[NIISI/INS]
14 )

(6)

(5) !

—_—

(7)

I
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that the isomerization sequence determines the rate of the

"sites (acidic sites).

The acidic site balance is given by

97 |

HYDROGENATION (Metal Site) ]
15 '

N + 1 _ Nz

; Kg = N21/IN](] (8 |
16

17
H + f —_— P {HZE]/[HZ][ll (9)

l
|
Ng + Hyt ==—== BL * 1 ; Ky = {Bz][u/[m][H 2

k
(1o)|
21 l

B2 ——= B + 1 ; K = [B][2]/[B] (11)
|

29 11

The rate of the overall phenomenon is determined by the

slowest of these 11 consecutive reactions. Sinfelt15 post&-

lated in his work on‘n-pentane isomerization that the iso-

merization of the n-pentenes on the acidic sites was the rate

12
limiting step. Hosten and Froment showed experimentally

overall process. In view of this, we developed rate equatiohs

for only those steps that occurs on the skeletal re-arranging

When the adsorption of i-octene on the acidic site

(i.e reaction 5 of the scheme) is postulated to be - the slowest

step, the overall rate equation is given by

|
rg = k M1} - k,[MS] (3.1.19)

H
H

1 = S + M85 + NS (3.1.20)
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ﬁ%; In the concept of the rate determining step, all oﬁher
il
' ‘ ' i
steps are in gquasi - equilibrium and. the unknown surfacq
' l
coverages (S), (M5) in equation (3.1.20) are expressed ip
terms of fluid phase species concentrations. i
In this manner, equation (3.1.191:becomes:
l
KiKg[Cl Kyl \
- _ [C. | Ky, Ko KglCo ) . (3.1.21)
[CB] 1
Ky K, (Cy ] 6
. 2
' r
where i
.2

(3.1.22)

o . \
i = x 5.1.2
’* | Ky K, K3 Ky K (3.1.23)

Wwhen the surface reaction of the isomerization of

I
i-octene into i - octene - i.e reaction 6 of the Scheme - \
is postulated to be the slowest step, the overall rate \
equation is given by: '

i

", _ re = k,MS] - k,INS] (3.1.24)

Expressing the surface coverages in terms of fluid phase

1
I
concentration, we obtain the expression in equation (3:1.2%]

,.
- !

ki1 Kg K;{C,l ) kq21CH] i

Hy = KhK‘7[CH2] 5:

r6 = . : ‘
K-K;I{C,] C.l |

L G . (p (3.1.25)

[CHZ] JK7 Ky [CH] 1
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1
When the desorption of an i - octene from an alumina site |
(i.e reaction 7) is taken as the rate determining step, then
the overall rate equation is given by

Y =

k, (98] = X, [N] (S] (3.1.26)
, | |

Expressing the surface converages in terms of fluid phase

concentrations we obtain the expression in equation(3.1.27;

ki3¥eKsra [Ca)  Kyq(CH)
= K, [C,, |} (3.1.27)
r, = [CH2] h"™"H, !
Ke K, I[A] " K, K= K, [C.]
- d . 6 5 Kg 'a
(C. 1 [c.. 1
H, H,

3.1.3 METHYIC YCLOPENTANE (MCP)

The sequence of elementary steps for the reaction of
MCP is shown in Scheme IV. MCP is adsorbed on the catalyst
site and the adsorbed species then dehydrogenates to form
adsorbed methylcyclopentene, The adsorbed methylcyclopentéhe
then reacts to form either adsorbed cyclohexene or adsorbed
hydrogenolysis prbducts(;eactions 3 and 4 of the Scheme).
Some of the adsorbed hydrogenolysis products form adsorbed
' cyclohexehe while the rest are hydrogenated to form adsorbéd
éyclohexane (reacti¢ns 5 an@ 6 of the Scheme). The adsoried
cyclohexene undergoes dehydrogenation réaction to form adsorbed
benzene while the remaining part forms adsorbed cyclohexané

(reactions 9 and 7). Then, adsorbed cyclohexane, benzene
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and hydrogenolysis products.then desorb to fomm cyciohexane),
benzene-and hydrogenolysis products.

Each of the eleven elementary steps could be rate
determining. If the adsorption of MCP is rate determining

(reaction 1 of the Scheme IV), the rate of reaction is giver
!

by
r, = k MCPIIS] - RZ[MCP.S] ©(3.1.28)
The site balance is given by

1 = § + MCPS + MCP's + CH "S + CHS + £C.=S + ICS + BzS

{3.1.29)
In the concept of the rate - determining step,.all other

steps are in guasi-equilibrium and the unknown surfaée
coverages (S), (MS) in equation (1) aré expressed in terms
of fluid phase concentrations. In this manner, equation 1

then becomes

k, [MCP] kpfcul
_ KgKyK3Ky . o (3.1.30)
v, = |
ICq iC CH cH Bz
T+ k. ToRkR kR, (H R, Ry
118642 ®11%604 KgK5 tHyl  Kg K10
ZCG . ECG
+ % [Ha ] + —_—
K11KgtH2 K11
where
' X
;
K = —
]
X,
K = ]_{_3
2 K,
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3.6: Scheme IV

MECHANISM FOR MCP REACTION
1
S + MCP =—=——= MCPS
2
3
MCPS ———= MCP7S +
4
— 5 -
MCP™S ———— CH 8
6
7 —
MCPTS _— zcg S
8
= 9 =
iCe S ———= CHS
10
_ 11
tC. S + H — IC. S

H

o

~
—
wn

Na
o))

~
—
~J]

A ?T‘l = W
N N |- —
— o W [a's)

(M

(2)

(3)

(4)

(3)

(6)




102

= 13
&7 ' CH'S  + H, ———>  CHS ; (7)
T . 1 4

15 :
CHS B aee— CH + S ' (8}

16

- 17 A
CH S —————>  Bz§ + 2H (9)

18

19
B S —_— Bz + S . (10)

20

21

——— £C + & (11)

22

v A sumﬁary of the eleven derived rate equations for Scheme IV

‘.
1

is shown in Table 3.7.

“l-?.

Table 3.7 Derived Rate Equations for Scheme IV

1. Adsorption of MCP
k, [MCP] flem (3.1.43)
_ 2 R K3 ]
’-” 1 el licgd o fcwl . [cr] . [Be]
Ry1K ek 4K 5 Kq1KgK 4 Kgkq [Hyl Kg K10
[ZC,] . [2Cgl
+ - [H ] + ———-—--————--K
Ry KgtH 11
2. Dehydrogenation of adsorbed methylcyclopentane to
A adsorbed methylcyclopentene ' /

/
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|

i

k (MCP] - k4{CH][H ] \
3K ¢ S 2

= .44)
Kg'Kq Ky |
. |
fzc, 1 {CH]
1 + K1[MCP] + & K oK~ LHA] + ICH] | [Bz]
K., K K. gty M2 K L, R
11564 : : 8 K g
}zcs] . [zc6]
Kjq KglHy] Ky

Conversion of adsorbed methylcyclopentene to adsorbed

cyclohexene (reaction 3)

ksKaeRl o KglcH) | (3.1L.45)
= ’ H, K8K7|H2] ]
K, g, [MCP]
1+ x, ice] 2[; ] [CHiH - [cH] , [Bz]
2 Kgkg Kg K10
cmél“ [ECG]
Kyq Kg [H, ] K11

_ |
Conversion of adsorbed methylcyclopentene to adsorbed

olefinic hydrogenolysis products (reaction 4)

KpKoky (MCPY - Kg(2Ce] (3.1.46)
1 + K, [MCP] + K yky [MCP] ce] . , fed] , Izl |,
* K K
o (6] KoK, (H,] 8 10
. fzcgl [£C]
.- [H,] K
Ry1kg tH) 11
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Conversion of adsorbed olefinic hydrogenolysis produi* -

~to adsorbed cyclohexene

+

. kg€ 10 'CHI (3.1.47)
K14 KG[H2] K K (H,]
{McCp}
) KX [CH] [CH] . Bg
1 + K, [MCP] + + + + . +
1 [P_Izl KK, {Ha] Kg Kig /
[zC ] C,.]
+ 6 + { 6
Kq1KglHp] K11

Hydrogenation of adsorbed olefinic hydrogenolysis

products to adsorbed hydrogenolysis products

ki1 KyKy Ky MCP - K12 [2C6] (3.1.48)
K .
11
KoK, [MCP] |
1+ Ky MCP]+ —E i+ ey . LcH] .
2 K8K7 2 8

Bz K4K2K1[MCP] . (zC,]

* KIO [Hz] K4

I

Hydrogenation of adsorbed cyclohexene to adsorbed

cyclohexane (reaction 7)

‘ [CH]
i _ K14 (3.1.149)
k13K3K2K1[MCP] Kg ,
- |
K.K, [MCP] Ke [2C . ] :
1+ K, ICP] + 2[L ] + o2 ?H — Ierl
2 Ki1Kg 2 Kg
B, , [z;G] . [ch]*_ _ i
Kio KqqKglH;l Kyp o 1
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8. | Desorption of hydrogenolysis producﬁs {(reacticon 8)
_ (3.1.500)
k5K K3KyK, [MCP] k,g[CHY .
rg = -
1+ K, (Mcp) + K,K, [MCP] . KS[ECGT]f , K5 l2C ]
[H,] K1 K¢ | K11 Xg
' ' !
. (B ! . [;csl' . [ZC,]
Ko @ ¥qqKglH,] K11
9. Conversion of adsorbed cyclohexene to adsorsbed benzene
{reaction 9)
)
Yo
k17[CH] ) k18 [B] . (3.1.51)
Xy = , K
9 K81\7[H2] 10
o eingl Kok [MCE [CH] [CH]
T+L{I[MCP]+ o] +KK{H]+ %
2 80772 8
. 3
B [zC.] (zc.]
10 1176 H1 1 :
10, Desorption!of benzene (reaction 10)
' S | !
kyg KglCH]
.- Kok, [H,] kyo B2l , (3.1.52)
10 ' - .
‘ K, K, [MCP] (CH]
1+ ok ep] ¢ 20 PRemE Tt lgﬁl" *
(H,] - B A 8
. . 2 ' r
+‘K9K‘5[ZC6]., [EC6] [ECG]
: TR x B
K11K6[H2]: 116 11
i
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8. ~ Desorption of hydrogenolysis products (reaction ST
- (3.1.50}
k, 5Ky K3K K¢ [MCP] k4 [CHI \
rg = | |
1 + K [MCP] + KoK4 [MCP] . KS[ECG I_ . —K7K5[LC6 ]
(H,) K11 X Ky Kg
. {Bz] [ECGI- [zcsl

+ +
Ko Kq1KgHy] K

9. Conversion of adsorbed cyclohexene to adsorbed benzene
(reaction 9)
k17[CH] ) k18 (Bz] (3.1.51)
Tg T Kgky [H,] K10
) KyK, (MCP] [CH] (CH)
1+‘<I[MCP]+ [Ho] +KK[H]+ 7
2 8472 8
. EE , [2Cg] \ [2C]
K . K K K
10 11.6[H2] 11
10. Desorption of benzene (reéction 10)
Ko Kolom (Bz] (3.1.52]
= "~ KgK, [H,] 20 T
b = 847 2 .
10 -
K, K, [MCP] [CH]
2™ : [CH] ~
1 + K _[MCP] + — + + == o+
! (H,] KgKy [H, 1 Kg
+-K9K5[EC6] . (2Cg] . EE?G]
2 K., .K K
K11K6[H2] 1146 11
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1. Desorption of hydrogenolysis products

~ k1 KgKgK Ky (MCP] - kyo [ICg ] (3.1,53?
r =
11
' K, ¥ [(MCP] I

K,K,K, [MCP]
+ 4721 : .
[H,]

K6K4K2K1[MCP]

3.2 Variable Activity Kinetic Models

The mechanism of deactivation is supposed to be of the
form ' ' )

—_—— R i (1)

M > P ' (2)

where A is the reactant, R is the desired product of reaction}
M is the reactant and it forms the coke ‘precusor (M=A) and P
is the coke.

The first step is the adsorption on the catalyst ?urface

of the substance that produces the deactivation (the re%ctant)
-

M+ § = ML ; Km = CMR./PmCQ, (3)

The second step is the coke precusor formation
reaction of the molecule adsorbed with others of the same
species adsorbed on active centers or in gaseous phase to

form the first state of the molecules in its degradation.
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M (g) + hMe —— P1Ih {4)

n = 0,1;2 and h = 1,2. In order that this reaction be
elementary n+h < 3

The third step is the coking sequence. Reaction of
the coke precusor to other forms of coke until a final form
is reached.

Pll.hﬁ P,Iy “;*P:Slh {5)

3.2.1 EKinetic Equation When the Coke Precusor Formation
(Second sSteps) is the Controlling Step.
fast fast

leh;;===i PBIh

M (g) + kMg _slow PI, ——

(6)
The degradation reactions of P1Ih will be much fastex

than that of its formation, therefore validating the pseu-

dostationary - state hypothesis, the coke precusor P1Ih will

be at equilibrium at any moment with the other coke species|.

Given that the first reaction from eguation (6) is

elementary, the rate of coke formation will be

ac n h h n+h h _ }
P,y /At = - k4P Cyp = kg Ko P C, (3.2.1)
PI, = P,I, + Py, + Pyl + ..... (3.2.2)

The total concentration of active sites L is

1
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L = C, +C +.C + hC (3.2.3)

CAR = kA PA C1 . _ (3.2.4)

Cre = kR Py C1 {3.2.5)

Substituting equation (3.2.4) and (3.2.5) into equation

L - hCP
= 2
= h_. (3.2.6)

1 + KAPA + KR P

R

Substituting C, from equation 3.2.6 into eguation3.2.1

we obtain

' h n+h h

ac dem P [L - hCPI ) (3.2.7)
Pon h
at - h
{1 + KAPA + KRPR}
1
Regrouping and putting a/nl _ .L - CPI'
- ) h
L
the above equation becomes _
b=y Kh Pn+h ] '
. _da [ MhL d’'m m (m+h=1)/m
aE R @ (3.2.8)
[1 + KPPy + K Pl
m=1; h=1
n+1
k, K P
_ d 'm
da  _ . m , a . (3.2.9)

dt
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n+1
k,K P
- = dm ‘ :
tna = - t (3.2.10)
1 + KAPA + KRPR
n+1
P K )
m 1 A : A
= + ——P (3.4.11)
kLK k, K A
3.2.2 Kinetic Equation when an intermediate Reaction infthe
Coking Sequence (3rd Step) is the Controlling Step.
The coking sequence will be
k1 k3 slow
where h
K, = C n '
™M p.I. /P, C i K, =C
TRM Ty, 2 Bl r, (31.2.12)
Then the deactivation rate will be
h n+h p nth j
dc /dt = k.C _ - 1
Py, d7p,I, = kKKK B Cp = k3K, Pm C,
(3.2.13)
where CPI is the concentration of any of the forms of coke
h :
on the catalyst which changes with time.
C = C + C t e 3.2.14)
PIp Paly Peln
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CP does not include CP and CP because these speciels
In . 1h 2h :
are at any moment in equilibrium with the concentration of
the deactivating substances in the gaseous phase and for
that reason the concentrations of P1Ih and P2Ih on the
catalyst do not vary with time.
In this case
L=c, +C,, *+C,, *+hC + hC + hC (3.2.15)
1 Al R2 P1Ih Pth EjIh :
h=1;:m=1 similar approach to the one previously shown
leads to
. n+1
, kgk P
-4 m m
5% = —T a (3.2.16)
1 +-KAPA + KRPR + Km Pm
] "
where K, = K1K2Km and K, = K K, + K1K2KA (312.17}
R R
kd Km Pm

. . ;

2n a pa——— t {3.2.18)
i+ KAPA + KRPR * K, Py
Pr X0

n+t . Y
P 1 KA Km n+1
m - - t o -PA R Pm (3.2.19)
boy (B, /T) ky Kp a¥n d m -
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CHAPTER 4

EXPERIMENTAL

Materials and Specifications

(1)

(ii)

(iii)

(iv)

{v}) .

(vi)

(vii)

Ethyl Benzene (Hopkins & Williams)

Meta Xylene (Hopkins & Williams,Essex Engliand)

Normal Octane (MERCK, Munich)

Assay G.C. 938%
Wt/ml (at 20°C) 0.702 - 0.703g
Molecular weight 114,23

Benzene (May & Baker Ltd, Dagenham England)

Assay G. L. C. ' 99.95%
Wt/ml (at 20°C) 0.875 - 0.878¢g
Molecular welght 78.11

0 - xylene (BDH Chemicals Ltd, Poole England)

Assay G.L.C,. 99%
Wwt/ml (at 20°C) , 0.878 - 0.88¢g
Molecular weight 106.17

Assay G. L. C. 99%
Wt/ml (at 20°C) 0.866g
Molecular weight 106.17

P - xylene (Hopkins & Williams)

Assay G. L. C. 99%
Wt/ml {(at 20°C) 0.86g
Molecular weight 106.17

Toluene (MERCK, Munich)

Assay G. L. C. 993
Wt/ml (at 20°C) 0.86

Molecular Weight 92.14

Assay G.L.C. : 99%
Wt/ml (at 20°C) 0.866g
Molecular Weight 106.16



*é (viii)
(ix)
¥
p2 ()
(xi)
&
(xii)
(viii)
p'“';“
4
{(viv)
(xv)
-~
.
N

2,2,4 Trimethyl Pentane (Hopkins & Williams)

Assay G. L. C. 99%
Wt/ml (at 20°C) 0.629g
Molecular Weight 114.23

Cyclohexane (Philips Petroleum Company,U.S.A)

Assay G.L.C. 99,5%
" Wt/ml (at 20°C}) 0.776 - 0.78¢g
Molecular Weight 84.16

2 Methylpentane (BDH Chemicals Ltd, England) .

Assay G.L.C. 99%
wt/ml (at 20°C) 0.65g -
Molecular Weight ' 86.18

Methylcyclopentane (Philips Petroleum Company,U.S.A)

Assay G.L.C. - - 99%
Wt/ml {at 20°C) _ 0.74 g
Molecular Weight 84.16

Ba (OH) ,.8H.,0 {(BDH Chemicals  Ltd)
2 2

Minimum Purity 98%
Molecular Weight - 315.50

BCI (MERCK, Munich)

Specific gravity 1.18
Concentration ' 35.4% Wt/wt
Molecular Weight 36.46

Sodium tetraborate (BDH Chemicals Ltdj
Minimum Purity 99%
Molecular Weight . 381.44

!
0.3% Pt/Al,0, Catalyst {Commercial}

Platinum content "0.3% Pt
Chlorine content 0.6% Cl

Surface area Tl 180m? g~
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Pore volume 0.50Cm’g

Pellet size 12 - 16 mm

(xvi) 0.6% Pt/A1203 Catalyst (Commercial)

Platinum content - 0.6% Pt
Chlorine content 0.6 = 1% Cl
Surface area 180m2 g~ |
Pore volume 0.5cm? g

{(xvii) 0.3%pPt - 0.3% Re/A1203 {Commercial)

platinum content 0.3wt%
Rhenium content ' 0.3wts
Chlorine content - 0.6 - 1% C1
Surface area 180m? g-1
Pore volume 0.5cm’ g
{xviii) Cylinder Gases: Air, Nitrogen,Hydrogen(Industrial

gases, Lagos)

The nitrogen and hydrogen gases are over 99%

purity.

(xix) Phenolphthalein indicator, Methyl Red indicator,
Ethylene glycol.

4.2 Equipment

The flow diagram of the equipment used for all experi-
mentations is shown in Fig.4.2.1. The set up is made up of

the following:

4,2.1 Temperature Controller

The Barber Coulman temperature controller of the
autoclave Engineer's Inc. is connected via'thermocouples
and is capable of monitoring the temperatures of five

different systems simultaneously. The temperature controller
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regulates the temperatufe within *1°C of the set point.

4.2.2 Reactor
The reactor is a CSTR of the Berty—type purchased from

Autoclave Engineer's, Inc. The bolted closure unit consists

of a body, cover, colosure gasket and capscrews.

Reactor Specificationsﬁ'

Maximum Allowable Working Pressure. - 2000Psig
at 200°F

Total pressure 7000Psig

Material

Body SA - 182 - F316

Cover sa - 182 - F31¢6

Colosure gasket 316 |

Cap Screw Sa -~ 193 cr. B 16

Body and Cover Connections
Connections are provided in the sides of the body and
cover which are used_fOrltherﬁocouples and for introducing
either gas or liguid into the reactor. Agitation is achieved
by means of a turbine type magnetic stirrer. A jacket -type’
3 - zone furnace is furnished with the reactor. Ihe furnace
has resistance windings and iﬁsulation enclosed in a sleeve
—typé jacket which slides over the body and cover of the
réactor. The furnace is provided with flexible armor leads

with twist lock connectors for connection to power source.
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4.2.3 Air

Air cylinder was purchased from inﬁustrial gases,Lagos
and was used without further purification. Air was used in
the chromatography and also to burn off the polymerous |
carbon compound {coke) deposited on the catalyst surface

in the course of experimentation.

4.2.4 Double - Stage Regulators

The gas in the cylinder were fed into the system through
double - stage regulators. The maximum outlet pressure wig

seven atmospheres.

4.2.5 Valves

They were used to control flow paths and flow rates

of gases.

4;2.6 Nitrogen

The nitrogen gas- purchased ffom Industrial Gases was
used without further purification. Nitrogen was used as
carrier gas for the gas chromatograph, for deactivation
studies, for partial pressure experiments in the dilution

of hydrogen and for drying of Pt'-Re/Alzo3 catalyst.

4.2.7 Hydrogen
The hydrogén gas also éurchased from Industrial Gases

was used without further purification. Hydrogen was uséd in

the chromatograph, for reduction of the catalyst, for kinetic

studies on clean catalyst surface and for partial pressure

studies.
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4.2.8 Saturator

This unit was used to prepare feed for flow experiment.
A stream of gas passed through the saturator and partly
vaporises the reactant in the saturatof. Entrainment was
avoided by using low gas flow rate and keeping the ligquid

reactant level in the saturator low.

4.2.9 Constant Temperature Bath

The saturator is immersed in a New Brunswick Scientific
Frigid Flow bath circulator Model RF 10 which can be set
between -50°C and 100°C. The concentration of the reactant
in the gas stream could be varied by varying the temperature

of the bath.

4.2.10 Gas Chromatograph

Reactor outlet was analyzed by use of Hitachi 164 gas
chromatograph with FID containing 6ft x 1/8in. SS 5% SR-
1200/1 75% Bentone 34 on 100/120 mesh Supelcoport. The

operating conditions of the chromatograph are as follows:

Column temperature : : 75°C
Carrier gas flow rate ' - 20ml/min
Attenuation ‘l 64

Range o 102

Chart Speed . Smm/min
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Key to Figure 4.2.1

Unit Description
1 Temperature Controller
2 " Reactor
3 Air Cylinder
5 4 Double Stage Regulators
' 5 Valve'
6 Two Way Valfe:
7 Nitrogen Cylinder
8 Hydrogen Cylinder
\ 9 Ethylene glycol/Water({50/50 v
: 10 Reactants
11 Saturator
12 Bath
13 Chromatography

4.3 Experimental Procedure

4.3.1 Precautions

In general, the following precautions were taken duri

the experimental runs.

a. The system was leak tested from time to time in order
to avoid loss of reactants and excessive pressure

drop across the reactor system.
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During the constant activity kinetic investigation
experimental runs were started only after the catalys
activity was found to be constant. 'This state is
normally achieved in Hy stream in 1ﬁ7- 15 minutes,.
During deactivation and mortality runs, accelerated
deactivation (deactivation in ﬁz or N, containing gas)
was started only after constant activity has been

achieved in H2.

The saturatcor unit was isolated from the rest of thl
system in between experimental runs. This was in order
to avoid contamination of the rest of the line by vapor
diffusioh of reactant. The system was flushed with
nitrogen before the commencement of any expérimental

run.

When the temperature of the furnaces were altered, there
was tendency for the temperature to oscillate initially
about the set point. Experiments were carried out only

after the temperature was stable.

Changes in the controlling variables were made in

random manner.

In between runs, the catalyst was left in hydrogen

flow (30ml/min) at 200°C.

For every experimental condition, replicate runs were

made to ensure reproducibility.



During steady state kinetic studies, catalysit activity
was ensured constant by checking the conversion level
every 25-30 minutes. If the conversion differs from
that obtained at the 15th minute (under the same
conditions), then the conversion level is brought up
again by burning off the coke from the catalyst surface
in air (fiowrate 150ml/min) for 15 minutes at 420°C;
The catalyst was then reduced in H, stream (40ml/min)
for 2 hrs at 500°C. This procedure. reproduced the

expected activity for further experimentation.

Catalyst regeneration was carried out by passing air

at a flowrate of 150mi/minr(by - passing the saturator;
into the reactor. The high air flowrate was nlcessary
in order to overcome the liquid (Ba(OH), solutJon)
pressure in the saturator. The temperature of (the
reactor was maintained at 420°C for 3 h during‘the
regeneration process. The 3h was chosen sequel| to the
experiment performed on a Pt/Al.203 catalyst deactivatéd
during'MCP reforming. In this experiment (Figure 4.3.1)
the céke content removed by burning was monitofed as a

function of time. The figure shows that no more coke

was removed after 180 minutes.
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4,3.2 Catalyst Pretreatment

Every new batch of catalyst uséd in the investi

gation

was reduced using H, at a flowrate of 40ml/min and a
ture of 500°C for 2hrs. The Pt-Re/Al,0, (DRIED) catd
however was first dried for 2hrs in nitrogen at 110°C
flowrate of 60ml/min before reduction. In catalyst dl
tion and mortality runs, drying was also performed in

deactivation for the bimetallic Pt—Re/A1203 (DRIED) €

4.3.3 Procedure

tempera-
lyst,
and
eactiva-
between

atalyst.

The apparatus used in this investigation is shown in

Figure 4.2.1, The reactor is packed with 10g of the
catalysts. Every new batch of catalyst used was redu

H, stream at 500°C for 2hrs at a flowrate of 40ml/min

2
Pt—Re/A1203 (DRIED) catalyst, however was first dried

required
ced in
The

in N2

at 110°C for Z2hrs ét a flowrate of 60ml/min before reduction.

During catalyst reduction, the saturator was bypassed
ensure that only hydrogen flows through the reactor.
concentration of the reactant was varied by varying t
perature of the bath. Satufator temperature above am
were undesirable because this would result in condens

of the reéctant in the line, Saturator temperature w

to

The

he tem-

bient

ation

as

varied within the range 2°C and 25°C for all the react

studied in this investigation: n-octane, 2,2,4 trimet

ants

hyl

T



pentane and méthylcycloPentane- Steady state reactivity

experiments were carried out as detailed below for the tiiree

reactants investigated.

a. N-Octane:

In the kinetic investigation of n-octane conversion,

temperatures of 420°, 440° and 460°C were employed at nToctane

3 3

partial pressures of 5.7x10 ~, 7.63x10 ~, 13.7 x 1077 ahd

25 x 10—3 atm using Pt/A1203 catalyst. Conversion and
product composition of n-octane were collected at W/F values

of 0.083, 0.11, 0.166 and 0.33gmincm >

) During Hy partial pressure dependence studies, Hy
h

partial pressures of 0.11, 0.33, 0.5, 0.66 and . 0.88 atms

were employed at constant W/F of 0.11 gmincm_3. Tha nroctane

partial pressure employed was 7.63x10d3_atm at 420°, 4l40°
and 460°C.
b. Iso-Qctane:

0.3%Pt/A1203 and O.G%Pt/Alzo catalysts were employed

’ |

during the steady state kinetic studies. Temperatures of

"390°, 460°, 4109, 420° and 430°C were employed at iso-octane

partial pressures of 0.023, 0.03i6, 0.056 and 0.081 atm.

The W/F values used were 0,083, 0.11, 0.166 and 0.33 gmincm_3.
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c. Methylcyclopentane (MCP):
In the reactivity studies with MCP, Pt/A1203, Pt-Re/
Al,0;(CNDRIED) and Pt—Re/A1203 (DRIED) .catalysts were used
for the investigation. The temperatures of 370°, 380°,] 390°

and 400°C wefe employed while MCP partial pressures of

0.058, 0.092, 0.,1447 and 0.1816 atm were used. There was very
low conversion of MCP below 370°C and high coking above 400°C.
Conversion and product composition data were collected|at

0.083, 0.11, 0.166 and 0.33 gmincm - W/F values.

ii Deactivation Kinetics was studied using iso-octane and

MCP as detailed below:

a. Iso=-0Octane

The deactivation kinetics of iso-octane was performed
on both O.B%Pt/A1203 and 0.6%Pt/A1203 catalysts. The tempera-
tures used in this investigation were 390°, 410° and 430°C.

At the different temperatures employed, the iso-octane partial
pressuresAused were 0.11, 0.33, 0.5 and 0.778atm. The W/F
value: used in this investigation was‘0.11gmincm_3. The
deactivation kinetics of iso-octane (at-Pﬁ2 = 0.5 atm) as

function of iso-octane partial pressures was also investigated

at a temperature of 430°C.

b. MCP

Pt/Al,0, and Pt—Re/A1203(DRIED) catalysts were used in

the investigation. The temperatures employed were 390°,400° and

410?C,_ At each temperature, the decrease in conversion of MCP
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reaction at HZ partial pressures of (.11, 0.33, 0.5 and 0.78atm

was monitored as functions of time at MCP partial pressure of

0.092atm. The deactivation of the catalysts was also studied

at various MCP partialfpressures at a constant H) partial

pressure of 0.778atm.

iii Catalyst Mortality Studies

Catalyst mortality studies were investigated using

n-octane, iso-octane and MCP as detailed below:

2. N-Octane

The n-octane mortality experiment.was performed in N

at 440°C, n-octane partial pressure of 13.7x10—3atm and W/F
of 0.166gmincm—3. Seven deactivation regeneration cycles were
performed. Also during regeneration the coke content (in gC)

was measured after each deactivation.

b. Iso-0Octane

The isc-octane mortality experiment was performed at

430°C using O.3%Pt/A]_.203 catalyst. Iso—octane partial |pressure

of 0.0316atm and W/F of 0;11gmincm—3 were employed during the
investigation. Twenty four deactivation - regeneration cycles
were performed in I, stream and the coke content measured after

each deactivation.

C. MCP

Three-different'catalysts were used: Pt/A1203 and bime-
tallic Pt-Re/A12030JRIED and UNDRIED ). The temperature employed
was 430°C, W/F of 0.11gmincm_3 and MCP partial pressure of

0.092atm. The 0.3%Pt/A1203 catalyst used for the inVJstigatioh
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was the one previously used for iso-octane mortality studies

, {24 Zeactivation - regeneration cycles). Forty deactiviation-

‘regeneration cycles were completed using {CP. Twelve
deac=tivation regeneration cycles each were completed on

both the dried and-undried bimetallic Pt—Re/Alzo3 catallysts

at the same conditions as the Pt/Al,0, catalyst. During the

. mortality studies with Pt-Be/A1203(DRIED) catalyst, the
catalyst was dried at 116°C in N, stream {60 ml/min) for

2hrs after each regeneration.
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Fig.4.3.1: Rate of coke removal from deactivated
' Pt—Re/A1203(DRIED) catalyst during

regeneration in air at 420°C
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CHAPTER 5

EXPERIMENTAL RESULTS

5.0 Experimental Results

Experimental results on the reactiohs of n-octane,
iso-octane and MCP on constant activity Pt/A1203 and Pt-Re/
A1203 catalysts are presented in section 5.1 while resultg
obtained for the variable activity catalysts for iso-octane
and methylcyclopentane (MCP) are presented in section 5.2]
The catalyst mortality results are presented in section 5[.3.

The results at constant activity wére obtained as
reported under procedure in Chapter 4 under conditions where

coking of the catalyst surface was negligible. Generally,

the activity was constant for the duration of a run at gilven

process conditions. The activity of the catalyst was checked
after every 30mins with those obtained at the beginning of the
run. If there is activity difference, the catalyst is rege-

nerated in air (flow rate 150ml/min) for 20 mins at 420°C

and reduced in H, (40m1l/min) at 500°C fo? 2 hrs.

The deactivation kinetics experiments were performed
at 0.11, 0.33, 0.5 and 0.778 atm H2 partial pressﬁres and the
conversions as functions of time were monitored at different

. ; .

temperatures énd reactant partial pressures. Deactivated catalysts were
regenerated by passing air at a flowrate of 150m/min and 420°C for shrs.
This was followed by reduction in H, for 2Zhrs at 500°C.
W/F of 0.166?gmincm_3 was used dufing the mortality
experiments. The partial pressures of reactants (n-oétané,

iso-octane and MCP) were 0.0076, 0.0316 and 0.092 atm respec-

tively while the reactor temperatures were 440°C for n-octane

and 430°C for iso—-octane and MCP.
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5.1 ' Constant Activity

5.1.1 N - Octane

A, Total Conversion

- The products of reaction of n-octane on Pt/A1203 catdlyst

were hydrocracked products (C1~C5), iso-octane, ethylbenzen
0-, P-, M-xylene and toluene. The variation of the total
conversion of n-coctane as a function of reciprocal velocity

for different partial pressures of n-octane and catalyst

=¥

temperatures are shown in Figures 5.1.1 - 5.1.4. At partial

pressures between 5.7x107°

with increasing temperature. However, it is cnly at the

--13.7x10_3 atm, conversion incr

highest pressure inﬁestigated (25 x 10—3 atm) that conversion

at 460°C was found to be -lower than 440°C at reciprocal

velocities higher than O.ngﬁncm-3. Table 5.1 shows the initial

rate of reaction of n-octanej at different temperatures and

i
i

n-octane partial pressures. E‘I‘he table shows that the initial

rate decreases with decrease} in temperature. ..
[

i
{ .
Table 5.1 Initial rates of n~octane conversion on Pt/A1203“

Catalyst at various temperatures and MCP partial] .

pressure
\\\Eeactor R : -3 -1 '_;
temp. Initial Rate, com g _min

PN , : :

460 T 440 420 400

{atm) ,

0.0057 17 10.5 . 6.25 1.67
0,00763 11.25 7.5 2.5 0.92
0.0137 11.25 8.75 . 4.375 0.563 -
0.025 11.25 -5 1.875 |  0.313

eased .
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The initial rate at 460°C was the éame at all the partial

* ) pressures except at 5.7x10_3 atm PNo where the initial rate

3 -1 . o~1

was 17.5cm™g” ' min ', The initial rate obtained at <20° and

440°C at 13.7x10-3 atm Py was'higher than those obtained at

7.63x10—3atm. at 400°C the initial rate of reaction decreases

with increase in PNo' Figures 5.,1.1 and 5.1.4 Qhow that
although conversion remained high between 5.7x10-3 - 13.7x1C‘3
‘atm it became depressed significantly at 25x10-3atm. Howevel,

some of this inhibition is already evident at 440°C for

13.7x10-3atm (sée Figure 5.1.3).

B.  PRODICT DISTRIBUTION

The product.composit%on of any component is expressed
as the weight fraction of éhat component in the product str%am.
At 400°C and partial pressures of n-octane between 7.63x10_3_
and 13.7’x10—3 atm, only iso'octane and hydréc}acked products
were formed from n~octane conversion (Figure 5.1.5). At the

highest pressure of n-octane investigated (25x10—3atm), only .

iso~octane was formed as imcreased pressure completely suppre-

ssed the hydrogenolysis pr?perty of the Pt/A1203 catalyst.

13
In the above pressure rangd, increased pressure decreased -

) product composition. 1In c%ntrast at the lowest pressure
investigated (5.7x10—3‘atmi, dehydrocyclized products were
formed (Figure 5.1.6} althéugh iso octane and hydrocracked .
products are still the major products, in conormity with the
results at higher temperaturés. ' : !
Typical plots of thefproduct composition against W/F
:% T are shown in Figures 5.1.775.1.f0 for 420°C and n-octane

3

3, 7.63x10

, 13.7x10"> and .-

Seaa,

& : partial pressures of 5.7x10°
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25x10_3atm, reépéctivgly.

Hydrocracked products were the most pfedominant at all
the conditions investigated. At 420°C and W/F = 0.32 gminem
the composition of hydrocracked products wés 20%., .This pery-
centage was found to decrease with increasiﬁg partial pres?ure

of n-octane, The values were 11%, 8% and 4.5% at 7.63x10—f,

13.7x10-3 and 25x10--3 atm fesPectively. The composition of

hydrocracked products increased with increase in W/F at given
) ' with

teamperature ard PNo' The camposition of mydrocracked products also decreased /.
}
increasing Py, although this decrease with increasing partial pressure of

3

n-octane at 440°C was only significant up to 13.7x10 “atm. The corposition

of hydrocracked products actually increased at 25x10 Jatm to 21%.Thg-pattern at

i

440°C was repeated at 460°CL It is iﬁpértant to note that the:.:

-

composition of hydrocrackeﬁ'products was not significantly _
l
affected by temperature in the range investigated (400-460°C).

Toiuene is present only in guantities leés than 0.3%.

At 420°C, excepting ghe hydrocracked products, iso-
octane was the predominant-product of n-octane conversion..
This result is in-aéreement with our earlier ﬁicrocatalytic
ré5u1t1. However, only'atﬁghe lowest pressure (5.7x10-3atmL

did the iso-octane composition go through a maximum. [ At-
1 -

5.7x10—3atm, the order of éroduction of ehylbenzene and the
b

xylene isomers were: i

0-xylene ~ P-xylene > eﬁhylbenzene > m - xylene

This order was not maintained at the higher-partial/pressures. .

For example, at 13.7x10-3aﬁm, the éomposition of ethylbenzene

i _
was larger than those of tle xylene iscmers. At 440°C, -there-

i

were significant differenc%s in the product distribution_,

profiles. First, iso-octa*e is nd longer the predominant.- 4 -7 o
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product due to its conversion to ethylbenzene (See Figure 5.1.11).
Fﬁrthermore, the iso octane composition went through a maximum
at a higher W/F value compared to the case¢ at 420°C. Secondly,
the toluene cbmbosition became as high as 1.5% at 7.63x10‘3atm
(Figure 5.1.13) while at 5.7x10° atm and 440°C, the decrease
in iso~-octane concentration was due to its conversion to jethyl-
benzene. Conversion must have occured more randomly at 460°C
to include all the xylene isomers (Figure 5.1.14). Furthermore,
the composition of toluene increased significant;y to about 5%

at W/F = 0.33 gmincm >,

C. HYDROGEN DEPENDENCE

The variation of the total n-octane conversion as a

function of PH at 420°C, 440°C and 460°cC, aré shown i% Figure
5 ‘

5.1.15. At the three temperatures, the conversion - sz

works

profiles

exhibited maxima in agreement with previously reporte

11,83, 84

on CG and C7 reforming reactions . Although broad maxima

were indicated in these profiles, nevertheless, the optimum Py
2

was the least at the lowest temperature of the investigation

(420°C). While the optimum P occured at ~ 0.3atm at 420°C,

H
2
the value was higher (v 0.4 atm) at 440° and 460°C. Actually,

the optimum P appears slightly lower at 460°C compared to

H2
440°C. Although the experimental observation on the effect of
temperature on the optimum PH2 by Paal et a185 for heptane
reforming on Pt- Llack applies to the individual product profiles;

the same explanation should apply to the conversiom - P pro-

Hop '
files. In that work, as temperature increased, thé hydrogen
pressure belonging to the maximum rate was shifted toward higher:

pressures. In view of the above, it is clear that the conversion
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PH profiles only agreed with the above results at the
2

temperatures. Between 440°C and 460°C,_the sensitivitly
optimum value P

Hy

to consider the product distribution profiles.

Plots of the product distribution against PH2 foE
440° and 460°C are shown in Figures 5.1.16 - 5.1.18, re
At 420°C (Figure 5.1.16), iso octane is the predominant
of n-octane conversion with its composition increasing
tonically with PH2

products are also formed although it appears to have at

lower

of the

was not pronounced. It will now be useful

420°,

spectively.

product

mono-

Sigﬁificant'quantities of hydrocracked

tained

a maximum at very low PHZ. The xylene isomers and ethylbenzene

passed through distinct maxima at about Py . ™ 0.55 atm
. 2

is the least product formed and its composition decreas

rapidly to zero at 0.5atm. The.magnitude of ethylbenze

the xylene isomers was in the following order:
P - Xylene > 0.-xylene ~ Ethylbenzene > M-xylene

At 440°C (Figure 5.1.17), the composition of ethylbenée
the xylene isomers increased significantly while that o
octane decreased, It is clear from the profiles that ¢t

optimum PH2

Toluene
ed

ne and

ne and
f iso-

he

for ethylbenzene and m-xylene appears to occur at

A 0.52atm while those for 0- and p-xylene occurs at higher

P value (~0.58 atm). The slower increase in iso octane as

Hy

H is increased must be due in part to its conversion
2

dehydrocyclization products. However some simultaneous

P

version to hydrocracked products cannot be ruled out as

to

con-—-

their

compositions were higher at 440°C. While toluene compo

increased threefold initially, the trend at 420°C is re

The profile of the hydrocracked producté showed an optimum

Py at 0,3 atm and a new feature: a minimum at ~0.67atm
2 .

sition

tained.

The
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product distribution profiles at 440°C clearly showed that
the optimum PH2 for the hydrocracked prooucts is at a lower
value compared to ethylbenzene and the xylene isomers (the
dehydrocyclization products). The relative magnitude of

ethylbenzene and the xylene isomers were generally retained

except that the composition of O-xylene is now greater than

ethylbenzene,

At 460°C {Figure 5.1.18), the composition of iso-oc¢tane
decreased more significantly although the compositions of the
dehydrocyclized products were lower compéred to their values
at 440°C., The composition of hydrocracked products was highér
than at 440°C while that of toluene was lower. With regard to
the optimum Py, values, all the products exhibited maxima in
the following order:

Toluene, Hydrocracked products, ethylbeﬁéené (0.33atm)

< P-xylene (0.45atm) < O=-xylene (0.5atm) ~ M-xylene (broad

max. nv0.5atm). Again, the relative magnitude of ethylbenzene

and the xylene isomers at 440°C was retained at higher tempera-

ture of 460°C.

Profiles of product composition aéainst température for

PH2 = 0,11, 0.33, 0.5, 0.67 and 0.89 atm were used to under-

stand the effect of temperature on the iocation of the maximum
PH . These plots complement the product composition - PH2

2 .
plots (Figures 5.1.15 - 5.1.18) and show more clearly the

direction of temperiture dependence of the maximum PHQ‘

85,86

By the postulate of Paal , at constant hydrogen

pressure, the reaction requiring the least dissociated surface
F

species should have its maximum rate at the lowest temperature.

This was actuélly observed by Sachtler et él?ﬁ_. on Platinum-

hl
e,
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based hydrocarbon - conversion catalysts wheie they reported
that maximum yields of various reactions are not at the same
temperature over Pt—-black. The work reportédfhere is on
bifunctional Pt/P;lZO3 and it will be_useful;to,check if the
above conclusions are.applicable on the bifhnctional catalyst.
Since iso octane requires the least dissociated surface

intermediate, its maximum PH should occur at the lowest tem-
~ 2
perature. This is borne out by the result shown in Figures

5.1.19 and 5.1.20 at P, = 0.33 and 0.5atm, respectively. [The
2

PH2 maxima of the dehydrocyclized products occur at highen
temperatures as expected. The Py maxima for ethylbenzene,
2

0- and P-xylene occur at 440°C irrespective of hydrogen pressure.

The behaviour of the PH maximum for m-xyléne appears to be
2 A

dependent on hydrogen pressure although at Py 2 0.5atm (Figure
2

5.1.20), the maximum P, occurs again at 440°C. Figure 5.1.21

H2
at PH = (.89%atm shows that the maximum Ph for iso octan
2 2
precedes those of the other products. Again, the order of
appearance of the maximum for the hydrocracked products jis not

in conformity with the Paal scheme as the temperature ¢f its

occurence is higher than those for the dehydrocyclized products.

5.1.2 ISO-OCTANE

The product of reaction of iso octane (2,2,4 trimethyl-
pentane) over 0.3%_Pt/A1203 and 0.6%Pt/A1203 catalyst/between
390°C and 430°C was 1,1, 3 trimethylpentane. The variation
ofrconversion of iso octane on 0.3%Pt]A1203 catalyst as a
function of reciprocal velocity for different partial| pressures
of iso octane and catalyst temperatufes are shown in Figures

5.1.22 - 5.1.25, At all the partialfpressures investigated
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{(0.0236 to 0.082atm),conversion inéreaséd with increasin
temperature. However, at 0.082atm iso octane pa;tial pr
the difference in conversion at the higher temperature L
small. For example, at W/F = O.33g1"ni1"1cm-"3 the conversio
iso octane at 420° and 430°C were 0.60 and 0.62, respect
while at 0.056atm iso octane partial préssurg, the diffe
was ~0.1 at the same conditions. The cénversion obtaine
0.0236atm was generally'higher than tho%e obtained at hi
iso octane partial pressure. &t 430°C énd 0.33gmincm-
procal velocity, the conversion obtained at 0.0236atm wa
(Figure 5.1.22) while the values were 0,76, 0.77 and 0.7
0.0316, 0.056 and 0.082 atm, respectively. The pattern
430°C was repeated at 420° and 41.0°C. At 390°C and 4009
however, this trend was not ﬁaintaiped as the conversion
at 0.082atm became higher than those at lower iso octane
pressures (0.0316 and 0.056,atmg). It appears that at h
iso octane parfial pressures and low te@peratures {Piso=

atm, 390°C; P, .= 0.082atm 390°C and 400°C) the conversi

W/F profiles can be described by linear relationships as

opposed to the other profiles where the conversion incre
rapidly at lower W/F followed by a slowér increase with
increase in W/F.

Plots of conversion of iso octane.on.O.G%Pt/Alzo3

as function of reciprocal velocity are shown in Figures

g

essure,

ecame

ns of

i&ely

rence

d at
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reci-

s 0.84

6 for
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obtained
partial

igh
0,056

on -

ased

further

catalyst

5.1.26-

5.1.28. The highest ccnversion of.m0.85 was obtained at the

lowest iso octane partial pressure investigated (0.0316a
and highest temperature (430°C). This value was higher
the conversion of 0.76 obtained with O.j%Pt/AlZO3 cataly

the same set of conditions., The same trepd can be -opktail

tm}
than
st at

ned
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" catalyst is slightly lower than that obtained on 0.332t/Al,0,

i36 : .

at the other temperatures except at 390°C where the conversiox

level obtained on 0.3%Pt/Al,0; catalyst was higher than obtaine

on 0.6%Pt/A120 On the other hand, results obtained at

3-
0.056atm and 430°C shoﬁs that the conversion bn 0.6%Pt/A1203

catalyst. The pattern at 430°C was repeated at 390°C. At

400°C and 410°C however, the highest conversion obtained were

the same on both catalysts while at 420°C the conversion on

0.6%Pt/A1203 catalyst was higher than on O.3_%Pt/A1203 catalyst.

The conversion - reciprocal velocity profile at 0.082 atm

(Figure 5.1.28) shows that at 420° and 430°C, conversions were

the same on both the 0.3% and O.G%Pt/A1203 catalysts for the

same set of conditions. At the other temperatures however,

the  conversion obtained using O.B%Pt/A1203 catalyst was higher.

It appears that increasing the platinum content of the
bifunctional Pt/A1203 reforming catalyst frém 0.3%Pt to 0.6%
Pt does not have any significant effect on the isomerization

of 2,2,4 trimethylpentane. - The difference in the conversion

~
i

levels observed can be attributed to the gquality of the experi-

mental data.

5.1.3 Methylcyclopentane

I Pt/A1203 Catalyst

A. Total Conversion

The products of reaction of MCP on Pt/A1203 catalyst

were hydrogenolysis products (2 methylpentane, 3 methylpentane

i
and n hexane), cyclohexane and benzene. Qhe reaction was

s

| carried out between 370°C and 400°C as there wés low conversion
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below 370°C and heavy coking above 400°C. The variation of
t

the total conversion of MCP as function of reciprocal velocity

is shown in Figures 5.1.29 - 5.1.32. The conversion of

increased with increase in temperature at all the MCP p
with W/F was higher at low W/F except dt MCP partial pr

of 0.058atm and reactor temperature of 380°C (Figure 5.

whers the rate of increase is slowest between 0.08 and

B. Product Distribution

Figures 5.1.33 - 5.1.40 show the plots of product
positian against W/F at various MCP paftial pressures.
produc£ composition of cyclohexane was .small +4%, and p
through maxima at all the MCP partial pressures and ten
tures except for the product c0mpositi$n obtained at 0.

MCP partial pressure where the value rose steeply initi

and became constant afterwards.

MCP
artial
5ion
essure
1.29)

0.16

com-
T he
assad
pera-
092atm

ally

The composition of hydrogenolysis products increased

linearly with increase in reciprocal velocity except at

0.1447

atm MCP partial pressure and 400°C (Figure 5.1.39) where the

composition increase with W/F was slow for low W/F and

at high values of W/F. The composition of hydrogenolys

fast

is

producté increased with temperature throughout the temperature

range investigated. The composition became very small
0.3% and 4%) except at C.1447atm where the composition

6 and 7% respectively.

{between

were
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The predominant product in the‘;eactions of MCPion
Pt/A1203 catalyst is benzene. Iﬁs composition incfea ed with
increase in temperature. At 0.058atm MCP partial pressure,
the benzene composition increased linéarly with reciprocal
velocity at 370°, 380° and 390°C while at 400°C the benzene
composition was almost constant at hiqh’values of W/F.| The
pattern at 0.058atm was repeated at 0.092 and 0.1816atm MCP
partial pressures except fhat at 0.092atm the profile of
benzene composition at 3%90°C was similar to that obtainLd at
400°C while at 0.1816atm linear relationship was obéained
between the product composition of benzéne and W/F at 400°C
instead of 370°C. The benzene cémposition obtained was |between
0.7 and 0.33 and the composition generally decreased wit
increase in MCP partial pressure exceét-at 0.1816atm MCP| partial

pressure and 400°C where the composition‘wés relatively high

(see Figures 5.1.37 - 5.1.38).

IT. Pt = Re/Alzo (UNDRIED)

3

A. Total Conversion

The vériatioﬂ of the total conversion of MCP as functions
of reciprocal velocity are shown in Figures 5.1.41 - 5.1.44.
Similar to the results obtained with Pt/A1203 catalyst; thL
conversion of MCP increased with increase in temperature at
all the MCP partial pressures investigated, The conversions
obtained at 0.058atm MCP partial pressure ét vérious tempera-
tures.are however much higher than the conversions obtained| at

higher MCP partial pressures. This is definitely not due to

A
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the effect of MCP partial pressure alone. Our results. on
effect of the number of regenefations on the catalyst act
(section 5,2.3) shows that undried Pt-Re/A1203 catalyst 1
the beneficial effect of rhenium.addition after three or
regeneration and behaves more like Pt/A1203 catalyst. Th
conversion - W/F profiles (Figures 5.1.4i - 5.1.44} shows
there was rapid increase in conversion, with increaée in
at low W/F value and slow increase or coﬁstant conversion
high W/F values.r The conversions at 0.1447atm MCP partia
pressure (Figure 5.,1.43) were slighly higher than those o
at 0.092atm while the least conversions were obtained at
highest MCP partial pressure (Figure 5.1.44). The conver
obtained with this catalyst is slightly Aigher than those
obtained using Pt/A1203 at the same conditions. For examp
the conversion of MCP on Undried Pt/A1203 and Pt—Re/A1203
(ULNDRIED) catalysts at 0.32gmincm-3, 0.092atm MCP partial

pressure and 370°, 380°, 390° and 400°C ére as follows:

0.17, 0.24, 0.285 and 0.43 respectively for Pt/A1203 cata
and 0.2, 0.275, 0.39 and 0.45 respectively for Pt-Re/A120

(UNDRIED) catalyst.

B. Product Distribution

the
ivity
oses
four

e
that =
W/F

at

1

bt ained
the

sions

le

lyst

(y)

The variation of the product compositions with W/F
shown in Figure 5.1.45 - 5.1.52. The cyclohexane composi
passed through maxima at MCP partial pressures'of'0.0SS a

0.092atm except at 400°C and 0.092atm where the cyclohexa

are

tion

nd

ne

composition rose rapidly initially and became constant after-

wards except at 0.71447atm and 370°C and 390°C where the .
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composition passed through maxima. Similar to the results
obtained with Pt/Alzo3 catalyst, the cyclohexanelcomposition
was low at all the conditions invesfigated. *

The compbsition of hydrogenolysis products showed almost
linear relationship Qith W/F at 0.058 and 0.092&tm MCP partial
pressures except at 380°C and 0.058atm where the composition
of hydrogenolysis products increased at low W/F and remained
ﬁonstant aé high W/F values. At 0.1447 and 0.1816atm, the comt
position of hydrogenolysis products passed through maxima at
all the temperatures except at 370°C where the composition.

increased at low W/F and remained constant at high W/F values

for 0.1447 and 0.1816atm.

At 0.058atm MCP partial pressure (Figures 5.1.45 — 5.1.46)
high benzene composition were obtained and they passed through
maxima at 390°C and 400°C. The composition of benzene were

about 0.4 and 0.5, respectively at the maximum values. At

370° and 380°C, the compositions of benzene increased rapidly
initially with W/F at-low W/F and slowly at high W/F. Composif-

tions of 0.22 and 0.30 were obtained at W/F of 0.32(_:;min<:m—3

at 370° and 380°C, respectively. The high bénzeqe composition
dropped significantly at 0.092atm and it seems that the effect
of rhenium additiQn is no longer pronounced as the highest

benzene composition was ~0.33. This value is comparable to
that obtained using O.B%Pt/A1203 at the same reaction conditions
{(figure 5.1.36). Similar results were also obtained at the

other temperatures investigated.
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III. Pt - Re/Al,0, (pRIED)

. Total Conversion

The variation of the total conversion of MCP as functions

of reciprocal velocity at variocus MCP partial pressures and

temperatures are shown in Figures 5.1.53 = 5.1.56. The figures
show that total conversion increases with increase in tempera-

ture at all MCP partial pressures investigated in conformity

with the results obtained on Pt/A1203 and Pt—Ré/A1203 {GNDRIED) .
Tables 5.2 - 5.4 show the initial rate of MCP reaction on the
three reforming catalysts (Pt/A1203, Pt - Re/A1203 {NDRIED )

and Pt-Re/A1203(DRIED) at various temperatures and MCP partial’

iy
.‘}ij

pressures,

B

Table 5.2: Initial rates of MCP conversion on Pt/A1203 catalyst
at various temperatures and MCP partial pressures.
Temp Initial Rate, cm—3 g_1 min-1
oc)
PMcp
~370°C 380°cC 390°C 400°C

{atm) )
0.058 1.56 2.50. 2.50 5:0
0.092 1.46 2.50 3.58 %.38
0.1447 1.44 1.56 | 1.88 5.0
0.1816 1.04 2.08 | 2.50 3.33
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" . Table 5.3: Initial rates of MCP con&ersion on Pt—-Re A1203

(UNDRIED) catalyst at various temperatures and

MCP partial pressures.

Temp. -3 L1 -1
°c) Initial Rate, cm g mn

Puce 370 380 396 400
(atm) |

- |
0.058 2.92 4.5 i 6.25 11.25
0.092 0.94 1.66 3.25 é
0.1447 1,88 1.67 11,11 16.67
0.1816 1.5 2.84 3.5 5l.83

Table 5.4

:+ Initial rates of MCP conversion on Pt--Ra/A1203

(DRIED)} catalyst at various temperatures and MCP

‘partial pressures.

‘Temp.. 3 ;1 -
. (°C) Initial Rate, cm g min

Pucp 370 380 390 400
fatm)
0.058 5.63 7.5 10.29 13.33
0.092 2.5 5 6 8,75
0.1447 2.27 3.75 4.58 6
0.1816 1.67 3 4,5 7.5
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The initial rates increase with increase in temperéture for
the three catalysts, The order of reactivity based on|the

initial rate data is given by:

Pt—Re/A1203 {DRIED) > Pt—Re/A1203 (UNDBIED) > Pt/A1203

Exceptidn to this rule is the initial rate of reactionl of MCP .

(DRiED) and Pt-Re/Al .(UNDRIED) at ¢.1447atm

3 293

and 390° and 400°C temperatures where the order is reversed.

for Pt—ReZA120

It is interesting to noté that the conversion is veryihigh at
low W/F . There_afe marked differences in
conversion between 370° and 380°C, and 390°C and 400°C than
between 380° and 390°C. The conversion obtained on Pt—Re/A1203

iDRIED) is higher than that obtained on Pt-Re/A1203 (CMDRIED )

at all the temperatures investigated at high W/F. For example,
the conversions obtained at 0.092 atm and 400°C are 0.8 and

0.45 at O:32(_?;mincm-3 W/F for the DRIED and [JNDRIED Pt-Re/A1203
catalysts respectively, while at 370°C the values were 0.5

and 0.19 respectively. The conversion-W/F profiles obtained

at 0.1447atm:and 0.1816atm partial pressures (Figures 5.1.55 -
5.1.56) are similar to that obtained at 0.058atm (Figure 5.1.53)
except that the conversion was highgr_at 0.058atm and also

that at 0.1447atm and 370°C there is a linear relationship

between conversion and W/F.

B. Product Distribution

Figures 5.1.57 - 5.1.64 shows' the variation of product
composition with W/F on Pt—Re/A1203‘(DRIED) catalyst at various
MCP partial pressures and temperatures. The cyclohexane
compositiors passed through maxima for most experimental

conditions investigated. At 0.058 and 0.092atm and 396°Ckand

T
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400°C, however, the composition profiles increased rapidly

at low W/F and slowly afterwards. The composition of cyélohexane

is small(~4%) and this is similar to the composition obtained

using Pt—Re/A1203 (UNDRIED) caﬁalyst. |
The hydrogenolysis product compésition profilels are !

similar to the typical benzene composition profiles.| However,

the benzene composition profiles passéd through maxima at MCP

partial profiles of 0.1816atm and reactor temperatures of

380°C and 390°C. ' : :
The highest benzene composition was obtained at 400°C.

and 0.092atm MCP partial pressure where the value reached 0.6

at W/F value of 0.33gmin cm”>. The benzene compositién

increased with increase in W/F except at 0.058 atm MCP partial

pressure and 400?C where it paésed through a bfoad maximum.

The rate of iﬁcrease in benzene composition is generally

slower at high W/F values except at 0.1816atm and 380°C where

linear relationship exists between Eenzene composition

and W/F . . Also, the linear relationship exists

at 0.092atm and 370°C where the benzéne composition increase

with W/F was slowest in the W/F range 0.08 - 0.2C gmin cm .

5.2 Variable Activity
Thrée ﬁariables determine the deactiﬁating characteri-
stics of the reforming catalysts (Pt/A1203} Pt-Re/Al203)
during the isomerization of iso octane and aromatization oﬁ
MCP at constant temperature. These variables are the partial
pressure of iso-octane or MCP, hydroéen partial pressure(in

the carrier gaé)‘gnd_time on stream. Catalyst deactivation
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was monitored through the decline in the conversion of iso-

octane or MCP as coke builds up on the catalyst surface. The

regenerated catalyst is then used to perform deactivation

studies using different sets of variables.

5.2.1 ISO OCTHNE ON 0.3% Pt/A1203 AND O.G%Pt/A1203‘CATALYSTS

The variations of the conversio% of iso-octane with

reaction time at various H, partial pressures are [shown in

Figures 5.2.1 - 5.2.3. Initial conversions lie between 0.25-

0.28, 0.31 - 0.36 and and 0.35 - 0.39 for various H2 partial

pressures at 390°, 410° and 430°C respectively. The figures

show that at constant temperature, conversion decreases with

e

H, partial pressure. There is a rapid decrease of

conversion

in the first 60 minutes at 390°C and 410°C followed by a very

slow drop in conversion with time. At.430°C (Figure 5.2.3},

the region of rapid drop in conversion was less than 40 minutes

except for the profiles at 0.5 and 0.778atm H, partial pressureé

where the times were about 60 min and 30 min, respectively;

Figure 5.2.4 demonstrates the effect of iso octane partial

ressure on conversion at 410°C arnd H, partial pressure of
P 2 P

0.5atm. The conversion decreases with increasing reaction

time and increasing iso octane partial pressure.| The deacti-

vation profiles in Figure 5.2.4 exhibited two characteristic

regions similar to those exhibited by changing H2 partial

pressure, namely: a region of fast deactivation followed by

a slow deactivation region after 60 mins.




1

¢

€%)

£9)

i1e

Figure 5.2.5 - 5.2,7 show thz plot of converéién of
iso.octane with reaction time at different H, parﬁial pressures
on O.G%Pt/A1203 catalyst. The conversion in the absence of
coking (at zero time) is higher on the O.G%Pt/A120$ catalyst
compared to the lower metal 0,3%Pt/A1203 catalyst. Furthermore,
the region of fast deactivation is generally longer on the
O.G%Pt/A1203 catalyst. In fact, n> deactiva£ion was observed

at PHz = 0,778 atm and 390°C on O.S%Pt/A1203 (Figure 5.2.5)
in contrast to the deactivation observed on the 0.5% Pt/A1203
catalyst (Figure 5.2.1}. At PH2= d.11atm, the coﬁversion
decreases rapidly initially and slowly afterwards .at all the
temperatures investigated. This rgsult is in conformity with
the results obtained with 0;3%Pt/A1203 catalyst at the same
condition. Figure 5.2.8 illustrates the variationlof conver-
sion of iso-octane with reaction time and iso-octane partial
pressure on O.G%Pt/A1203 catalyst. Similar té thg curve
obtained using 0.3%Pt/A1203 {Figure 5.2.4}, there:were short

fast deactivation and long slow deactivation regibns.

5.2.2 MethylcYclobentane (MCP)

I. Pt/A1203 Catalyst

A. Total Conversion

Figure 5.2.9 - 5.2.11 shows the variation of the conversior. of MCP
with reaction time at Adifferent Hé‘partial pressures. The conversion at Zero
time at 390°C varied between 0.24-0.3 while at 400°C and 4HO°C these values
lie between 0.175 - 0.49 and 0.44 - 0.59, respectively. A
significant feature of the MCP deactivation profiles is the

fact that maxima were exhibited. The conversion - time profiles
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at 390°C passed through maximum'yaiues within the first 8 min
except at PH2= 0.5atm. This patterﬁ was repeated at 400°C

and 0.778atm H, partial pressure. This phenomenon was not
observed in iso octane. Similar toﬂthe results obtained with
iso octane, two regions can be distinguished: a region of
rapid deactivation between 5 - 20 min after the maxima followed
by a slow deactivation rggion. Experimental results |show that
the region of fast deactivation obtained with MCP reactant
(5-20min) is shorter than that of iso octane which is| between
0 - 50 min. This implies that MCP deactivates the catalysts
faster than isq octane. This inference is in agreement with
deactivation function obtained for these two reactants (See
Tables 2.1 and 032

-Figure 5.2.24 shows the variation of the total cgonversion

as a function of time at H, partial preéssure of 0.778atm and

various MCP partial pressure. The conversion passed through

maxima at about 7 min at 0.092 and 0.1447 atm MCP partial

pressure. A comparison of the deactivation functions (See

‘Table D.2 show that deactivation is more rapid at higher

MCP partial pressures. It is important to note that at lower
MCP or iso-octane partial pressures and hiéh Hy partial pressure
the con§ersion value at the-slow deactivation region (resiidual
conversion) is higher than at higher MCPlpartial pressures

and low H, partial pressure. \

2

B. Product Distribution

Figures 5.2.12 - 5.2,23 show the variation of the product
composition of MCP conversions on Pt/A12031catalyst as functions

of time at different temperatures and H, partial pressures.

|
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At 390°C“(Figures 5.é.12 - 5.2.15}, 'the cyclohexane composi-
tion was low at all H, partial preséures invescigated. The
cyclohexane coﬁposition decreased slightly as a function of
time ét 0.11 and 0.33atm Hz-partial pressures {(Figures 5.2.12-
5.2.13), basséd throggh.a maximum ati0.5atm H2 partial pressure
(Figure 5.2.14) and éé; constant at Q.??Batm hydrogen partial
pressure (Figure 5.2.15). |

The hydrogenclysis product,coméosition first passed
through maxima before dropping owing to severe coke deposition
on the catalyst surface. The composi?ion profile at PH2 =
0.778atm (Figure 5.2.15) however did not pass through maximun
but decreased throughout as function ¢f time.

Similar to the composition profile for the hydrogenolysis

products, the benzene composition passed through maxima as

functions of tihe at 390°C except at 0.5atm H, partial preésure
where the benzene composition was predominant at zero time in
agreement with the results obtained in:pure hydrogen (See
Fiqufe 5.1.33). The highest value of benzene composition of
26% was obtéined at PH2 = O.??Satm. l ‘ l

Figures 5.2.16 - 5.2.19 show the variation of product
composition as functions of time and PH2 on Pt/A1203 ca~§lyst
at 400°C. The low cyclohexane composition at 390°C was
maintained at 400°C. At 0O.11atm H2 partial pressure (Figure
5.2.16), the‘cyclohexane composition degreased linearly|as
functions of time while at 0.33atm the éomposition was constant
for the first 5mins and decreased thereafter. The cyclohexane
composition at 0.5atm decreased from 2.6% to 2% in the first

35mins and remained constant afterwards while at 0.778atm the

cyclohexane cbmgpsition actually passed through a minimum.

TP
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In contrast with the rezults obtained at 390°C, the

composition of hydrogenolysis products did. not pass through
i

a maximum with time at 400°Z2. The composifion of hydrogenclysis

products was higher than the cyclohexane cémposition. Its
profile decreases fastly initially and sloﬁly afterwards at

this temperature,

¥

Similar to the results obtained at 390°C, the benzene
composition was.predpminant at 400°C. It ghould be noted

however that the benzene composition at zeroltime was lowern

at PH2= 0.11atm thansat the higher H, part%al pressure. For

example, the benzene composition was 0.12 at zero time at
: ' S

PH2= 0.17atm while at PH2= 0.5atm the benzene composition was
r ) L . N

36% (See Figures 5.2.16 - 5.2.18). The benzene composition
L] 1 .
each passed through a maximum with time atPH2 of 0.5atm and

| r

0.778atm.
' ' |
Figures 5.2.20 - 5.2.23 show the variagion of product

composition as functicns of time at 410°C and various H,
. 3

>

partial pressure. The cyclohexane composition was also low
. 1

at this temperature (< 3%). At P, = O.11atp the composition

profile passed through a maximum in the first 15 min after

1]

which the c0mpositioq became constant. The cyclohexane com-

position was lowest at PH2= 0.33atm. At th}s partial pressure

the highest composition was 1.5% (composition at zero time),

L4

and this decreased rapidly to 0.2% in 30min. The compositicn

at PH = 0.5atm insreaSed linearly with time while at 0.778atm
2 : .

H2 partial .pressure the composition decreased from 4% (at

' |
zero time) to 1.4% in 40 mins and it remainﬁd constant at this
: ]

value for the rest of the time investigated.

S O e m— ol A — T - —_ t e - . e [ Y R
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The composition of hydrogenolysis products increased
remarkably at this témperature.. The highest value obtained

at 400°C was 11% (at Py = 0.778atm) as opposed to 19% obtained
2

at 410°C at Py = 0.5atm. The composition of hydrogenolysis
2 .

products passed through a maximum at PH2= 0.11atm while at

the other partial pressure, the coﬁpoéition ofrhydrpgenolysis

products increased rapidly initially and slowly afﬁerwards.
In contrast with the results.obtained at lowér tempera-

tures, the benzene composition at bH = 0.11tatm was (high (n44%)
2 1

'at zero time. At this partial pressure, the benzene composi-

tion decreased in the first 20 min and slowly afterwards while

at 0.33atm H, partial pressure the composition was! constant

2

for the first 5min and decreased to zero in the fifrst 33min.

¥

At H2 partial pressures of O.Satm:the benzene comﬂositiondecn&seﬂ
rapidly in the first 30min followéd by a slow decrease as
function of time. At PH2= 0.778atmlthe composition was constant
with time after the fast deactivation period.

The relationship between prbduct composition and time
at 400°C and at various MCP partial pressure is shown in
Figures 5.2.25 - 5.2.27. The cyclohexane compositions were
almost constant as functions of time at lower MCP partial
pressures while at 0;1816atm MCP partial pressure the profile
behavéd in the same manner as the hydrogenolysis products
profile.

The composition of both cyciohexane and hydrogenolysis
products were low (< 5%). At 0.0§2atm MCP pafti'l,pressure,
the composition of hydreogenolysis products decrehsed rapidly

in the first 45min (Figure 5.2.25) and remained [constant
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afterwards, while at 0.1447atm MCP partial pressure, the com-
position of the hyd:ogenolysis products wés dalmost constant
with time. The profile of the hydrogerclysis products coﬂposi-
tion obtained at 0.792atm MCP partial pfessure (Figure 5.2.25)
was repeated at 0.1%16atm MCP partial pressure except that the
fast deactivation ragion was shortér (v 25min).

The benzene composition passed through a maximum with
time at MCP partial preséures of 0.092 and 0.1447atm, respec-
tively. The bénzene composition was highest at 0.1816atm
(v23% at zero time). |

The resulﬁs of the experiments with MCP on Pt/A1203
catalyst indicate that the cyclohexane yield was low throughout
at all conditions invéstigated. It appears‘that the rate of
cyclohexane formation.from MCP is lower thaﬁ tﬂe rate of

cyclohexane dehydrogenation to benzene.

I1. Pt - Re/A1203 (DRIED)

A. Total Conversion \

The variations of the total conversion of MCP with

reaction time at different H, partial pressures on Pt—Re/A120i3
(DRIED) catalyst are shown in Figures 5.2.28 }I5.2.30. At \
PH2= 0.778atm, there was only a slight decreaéé in conversion|
with time, probably due to-the transformation of coke precusors
to harmless pfoducts in H2 stream. At the otﬁer partial |
pressures, conversion was constant in the firﬁt 5min, decreased

rapidly between 5 and 45min and decreased slowly afterwards

= 0,33atm and 390°C and 400°C wheh each profile
2 .

except at PH
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passed through a maximum. It can be observed that the fast

deactivation regibn is much longer (m38mi£) than that obt?ined
with Pt/A1203 catalyst (~20min). Also a comparison of thé,
deactivation functions obtained for these two reforming
catalysts (Table £.,2 ) show that Pt—Re/AiZO3 {DRIED) catalyst
is more resistant to coking than Pt/AlZOB‘catalyst. The plots
of total conversion of MCP at 400°C as fuhcfions of time at

H2 partial pressure of 0.5atm and variousIMCP partial pressures
are shown in Figuré 5.2.43. Conversion was higher at low |MCP
partial pressure. The initial conQefsionS were 0,65, 0.6 |and
0.25 at MCP partial pressures of 0.058, 0.092 and 0.1447 atm,

respectively. The initial conversion decreased from these |values

to about 0.35, (.3 and 0.175 in Smin.

r

B. Product Distribution

Figures 5.2.31 - 5.2.42 show the relationship between
product composition and time at different temperatures and'!H2

partial pressures. Similar to the results obtained on Pt/A1203

[{H]

catalyst, the cyclohexane composition was low at 390°C. Th
cyclohexane composition was constant for 25min before it

started to decrease at P, = 0.171atm (Figuré 5.2.31) while at

H

0.33atm H, partial pressuie (Figure 5.2.32), the cyclohexane
composition passed through a broad maximum. The compositibh
at 0.5atm H, partial pressure was constant‘with time afterfan-
initial slight increase while at 0.778atm (Figure 5.2.34) the

cyclohexane comﬁosition increased sliqhtly with time.
|

The composition of hydrogenolysis products were slightly

higher than 10% except at 0.5atm (Figure 5%2.33) where the
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composition value at zero time was 15%. The' composition
profile for the hydrogenolysis products decreases rapidly
initially and slowly afterwards. The initial benzene composi-

tion were 0.15, 0.14, 0.19 and 0.125 at 0.11, 0.33, 0.5 and

0.778atm H, partial pressures. This is comparable to the
benzeneléomposition obtained at 390°C with Pt/Al,0, catalyst
(See Figures 5.2.12 - 5.2.15), The benzene composition
decreases rapidly initially and slowly afterwards except at
0.33atm H, partial pressure wheré if passeé through a maximum.

The variations of product composition with time at

reactor temperature of 400°C and at various H, partiai presisure
are shown in Figures 5.2.35 - 5.2.38. The'cyclohexane cOom-,
position passed through maxima at all H2 partial pressures
investigated except at- 0.33atm H, partial éressure where it
first increased and later became constant.

The composition of hydrogenolysis pﬁoducts was low
(v15%8) and its profiles passed through an early maxima_ex%ept
at PH'= 0.11atm and 0.778atm where the composition - time

2
profiles decreased initially and slowly thereafter.

The benzene composition obtained atf400°C was higher
than that obtained at 390°C and the value at zero time was
~45% at PH2 = 0.5atm (Figure 5.2.37). At 0.778atm H2 partial
pressure,the benzene conposition was constant fot over 75min. At the other

Hp partial pressure however, the composition of benzene decreased rapidly
initially and slowly thereafter. '

Figures 5.2.39 - 5.2.42 show the variation of product
compositions of MCP as functions of time at 410°C. The c¢yclo-
hexane composition was still low at this:temperature and|{its

profile passed through a broad maximum at 0.171atm H, partial
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pressure. At 0.33 and 0.778 atm H, partial pressure the cCyclohexane
canposition increased slightly initially ard became oonsfant later while at
0.5atm Hy partial pressure the camposition was constant with tire.

Similar to the results obtained at lower temperatures
the benzene composition was higher than the composition of
hydrogenolysis pibaucts and cyclohexane. The benzene composi-
tion at 0,778atm H, partial pressure was trapézﬁidal in shape
and the composition value was ~40% while the benzene composition
at PH2= 0.33atm passed through a maximum within the first
12min. Apart from these exceptions the hydrdgenolysis products
and benzene composition profiles were the same as those obtained
at 400°C. A comparison of the deactivation functions shows
that deactivation is more severe at higher temperatures and
lower H2 partial pressures. For example, the deactivation
function at PH2= 0.33atm and 390°, 400° and 410°C are d.028,
0.038 and 0.068, respectively while the corresponding values

~at 0,5atm H2 partial pressure are 0.071, 0.02 and 0.051,

respectively (See Tables p.5 and D.6 ).

Figure 5.2.44 - 5.2.46 show the relationship between
productlcomposition and time at various,MCP;partial pressure
and 410°C. The cyclohexane composition was;Low (v3%). Its
profiles each passed through a maximum at 0;058atm and 0,092
atm while at 0.1447atm the composition was -almost constant

with time.

The profilss for hydrogenolysis products show that th

lcomposition decreased rapidly in the first 15min followed by

a slow decrease with time at 0,058 and 0.092atm MCP partial

pressures. The composition of hydrogenolysis products was

o~ b

4
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low at 0,1447atm MCP partial pressure (~4%) and its values
decreased sharply reaching zero within 38min¥

The benzene composition was 32% at O.ﬁSB and 0.0%2atm |
MCP partial pressures while at 0.,7447atm ncé partial pressure;
the composition was ~15% at zero time. Thé benzene composition
at 0.058atmlMCP partial pressure passed through a maximum
within the first 10 min. It then decreased sharply followed
later by a slow decrease with time. The pattern of benzene
composition profile at 0.058atm MCP partial pressure was
;epeated at 0.092atm MCP partial pressure. The benzene profile
at 0.1447atm MCP partial pressure decreased linearly from' 18%
at zero time to 4% in 40min afterwhich it started decreasing’
slowly.

The results of thé investigation of the deactivation
kinetics of Pt/A1203, ' and Pt—Re/AJI_IZO3

{DRIED) using MCP was reactant, show that higher initial

' conversion was obtained with Pt-Re/Al,0, (DRIED) catalyst.

In addition, the Pt-Re/A1203{DRIED) catalyst is more resistant
to coking as its deactivation function value was lowest

(Table D.5 and D.6 ). i

5.3 Catalyst Mortality

In this section, we present the resulté obtained during
catalyst mortality studies on commereial Pt and ?t-Re on
alumina reforming catalysts. The catalysts were subjected
to several deactivation - regeneration cycles. This was done
with a view to studying the changes‘in conversion, selectivity,

coking level and deactivation kinetic mechanism as jthe catalysts
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progressively approach the mortal state. The mortality

experiments were performed using nitrogen as carrier in order

to accelerate the aging process.

5.3.1 N-Qctane

A. Total Conversion

. . . : . |
Seven deactivation - regeneration cycles were invest

gated on the fresh Pt/Alzo catalyst using the dehydrocyci

3

zation of n-octane as a model reformihg-réactiop. The dea
tivation reaction was carried out at 440°C, W/F = 0.11gmin
n-octane partial pressure of 1.37x10"%atm and total system
pressure of latm. Figure 5.3.1 shows the variation of tot
conversion bf n-octane as’function of.time for the seven
cycles. The conversion at zero time variéd between 0.54-0

The lowest convérsion was obtained at the 1st and 3rd cycll

when the conversions were 0.54 and 0.65, respectively., At

other éycies, conversions lay between 0.8 and 0.86. At th
6th cycle the total conversion - time profile passed throu

a maximum at 20min. The conversion - time profile shows [t

4th, 5th and 7th cycles, followed by a rapid drop in conve
between 20 and 60min aftérwhich the decrease in conversion
with time became very slow. The profile obtained in the|1

and 3rd cycles were similar to those of 4th, 5th and 7£h

cycles except that the first slow deactivation region (fir

20min) was absent,
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B. Product Distribution

‘Fiqures 5.3.2 - 5.3.,8 show the variat?on of product
composition against time for different cyclég? At all the
cycles'investigated, fﬁe hydrocracked prodﬁcts were predominant.
The hydrocracked products bompbsition_decréased slightly in
the first 20min and rapidly afterwarag.forfall cycles except
the second where the initial drop in conversion was fast.

In the first cycle (Figure 5.3.2) ethylbenzene was the predo—.
minant aromatic (5.6%), but this quickly aropped to 1% within
the fifst Smin. The drops in conversion of P-xylene, O-xylene
and toluene were not as rapid as their compositions were
already higher than that of ethylbenzene after Smin. The fso—
octane composition was high at zero time (~10%) and this
decreased linearly to 1% in 30min afterwhich it remained|
constant. The pattern during the 1st cycle was maintained in
the 2nd cycle. However, the composition of hydrocracked]
products in the 2nd. cycle at zero time was more than the 1st .
(45% vs 22%) and the ethvlbenzene composition did not decrease
as rapidly. In the 3rd cycle (Figure 5.3.4), the P-, Or
xylenes and the hydrocracked products decreased only leghtly
in the first 20min while the composition of toluene was actually

constant over this period. ‘Apart from this, the profile was

the same as for the 2nd cycle.

Figures 5.3.5 - 5.3.7 show the composition - time profiles
‘for the 4th, 5th and 6£h cycles. The hydrocracked products
were still high (50%) and in-the 4th éycle, ethylbenzene and
m-xylene each passed through two minima at 20 and 40min,

respectively. The P-xylene, O-xylené and toluene comLositions
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were almost constant for the first 20min and eech then passed
through a maximum atldoﬁin. Similar to the results obtained
in the 3rd cycle, product compositiens_were very low at about
60min (~0.2%) except for hydrocracked products (about 8%).

At the 5th cycle (Figure 5.3.6), ethylbenzene aﬁd m-xylene
profiles had no minimum like in the 4th cycle bgt were about
constant . for 20min before decreasing rapidly with time betweeh
20-50min and then slow thereafter. The toluene, P-,- and 0-
xylene compositions each pessed through a maximum while the
profile of iso-octane remained the same as in the 4th cycle.
Iso-octane was no longer the predominant product (apart from.
hydrocracked products) in the 4th and 5th cycles. In the 6th
cycle, ethylbenzene, m-xylene, toluene, P- and O-xylene all
passed through their respective maximum while theé hydrocracked

products and iso-octane compositions were about constant for

the first 40min after which they decreased rapidly up to 120min,

Tktls decmease was then fOlJLMEﬁ by slower decdrease. It is important to

|
|

stress that the aqusltlon is still relatlvely high after 120min as copposed

to the 4th and 5th cycles where the campositions becare very low after 60min.

At the 7th cycle (Ficure 5.3.9),the cracked products,0- and P-xvlene where
constant for about 25 min, decreased rapidly for another 60m1n ard then

a slow decrease fbllowed The OrOflleS of the other product camposition

were the same as those of the cracked products, 0- and P—xylene except

~ that the compositions were not constant in the firét A5min.

In Figure 5;3.9, the coke content versus cycie rumber
is shown. The figure shows that the gquantity of coke in the
2nd cycle was low (~0.021gC) while that formed in the 4th
cyle was high (0,05gC}. The coke content for the ofher cycles

were between 0.03gC and 0.032gC.
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5.3.2 IS0-0Octane

Twenty four deactivation - regeneration cycles were

performed with iso-octane on 0.3%Pt/A1203 catalyst at re

actor

temperature of 430°C and 0.0316atm iso octane partial pressure

in nitrogen. Figure 5.3.10 shows the_variation of conve
with time for the first 7 cycles. Tﬁe profile of thej 6t
cycle decreased rapidly in the first 15min followed by a
constant conversion with time afterwards. At the other

{(see Figure 5.3.10), the conversion was constanf withln

rsion

h

cycles

the

first Smin afterwhich it decreased between 5 and 15m1n,\6fter

15min the conversion became constant with time. Figure

shows the variation of conversion with time for the 8th

cycles. Similar to the 6th cycle, the conversion - time
profiles in the 10th and 11th cycle decreased rapidly in
first 15min followed by a consﬁaﬁt conversion. At the 1
cycle, the conversion - time profile passed through sllg
maximum in the 5th min, decreased rapidly beeween 5 and

and then slowly between 15 and 30min. At the other cycl
the conversion was constant within the first 5min afterw
it decreased rapidly‘between 5 and 15min. Figure 5.3.12
shows the variation of conversion with time for the 15th
20th cycles. The conversion was low at the 18th cycle (
while at the 19th cycle the profile passed thfough a max
At the other cycles (Figufe 5.3.12), the conversion did

change as function of time for the first 5Smin. This was

e
\t

2th
ht
15min
es

hich

0.66)
imum.

not

followed by rapid decline in conversion between 5 and 20min;

after 20min, the conversion changed only slightly with t
Figure 5.3.13 shows the variation of conversion with tim

the 21st - 24th cycles. At the 21st cycle the profile

ime.

e for
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decreased répidly in the first 15min while at the 24th cycle
the profile passed through a maximum at Smin. At #he 22ﬁd
aﬁd 23rd cycles, the conversion was constant for the first
Smin followed by a fast decrease as function of time.

Generally, the.conversion - time profiles exhibited two
regions; a fast deactivation region followed by alslow region.
This followed the pattern reported earlier for n-octane.

However, there are two significant differences.

(1) In most of the cycles with iso-octane conversion
was constant for Smin before the fast deactivation
region.

(2) The fast deactivation region is about 10min with
1s0 octane as opposed to about 45min eobtained with

n—-octane.
In Figure 5.3.14, the coke content in (gc};versus cycle

number is shown. The coke content varied between 0.021 and

0.03gC. The coke content value showed slight decrease with

cycle number. ‘

The results of this investigation show that.regeneration
of the catalyst (up to 24 regenerations) did not affect the
initial conversion. The coke content on the catalyst was

lower than that obtained with n-octane.
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5.3.3 Methylcyclopentane (MCP)

I. Pt/Al,0,
A. Total Conversion

Thirty nine deactivation - regeneraticn cycles were

performed on the Pt/A1203 cataiyst used previously for 24 /

cycles in iso-octane. The deactivation reaction.was MCP
reforming at 430°C, W/F of 0.11 gmincm-3, latm total‘pfessure
and Pycp = 0.092atm. Figure 5.3.15 shows the variation of
conversion with time for the first 10cycles. Thg initial
conversion at.the 1st cycle was low (~0.13} while the conﬁer-
sion at the 7th cycle was the highest (0.5). The initial
conﬁersion of the other cycles were between 0.275 and 0.47.
The conversion - time profiles decreased rapidly reaching a
value lower than 0.09 in 15min. At the 10th cycle, however,
the conversion passed through a maximum in the 4th min. Figure
5.3.16 shows the variatién of conversion with time for the
11th - 20th cycles. The initial conversions at the 17th and
20th cycles were low (0.225 and 0.25) while the conversions

at the 16th and 19th cycles were high (0;49 and 0.445). The
initial conversions of the other cycles were between 0.3/ and
0.4. The conversion - time profiles exhibited constant [con-

version for the first 5min, rapid decrease between 10-15min

- and then slow decrease afterwards. Howevar, at cycles/16,

19 and 20 the conversions were not constant for the filrst
Smin but decreased rapidly for 15min followed by the slow
decrease with'time. Figure 5.3.17 shows the conversion -

time profile for the 21st ~ 30th cycles. The initial
t

RN
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conversions were between 0.29 - 0.44 except at the 30th cycle

—

where the initial conversion was 0.21. At the 30th cycle aﬁ
almost linear relationship existed between conversion and time
for the first 15min while at the 22nd cycle‘conversion passed
through a maximum as a functipn of time. At the other cycles,
changes in conversion for the first bSmin were small. This was
followed by repid decrease in conversions between 5 and 15min.
After 15min the decrease in conversion as functions of time
became small. Figure 5.3.18 shows the conve{sion - time
profile for the 31st - 39th cycles (initial conversions between
0.15 and 0.235) except the 33rd cycle where the initial con-
version was 0.28. At the 31st, 37th and 3%th cycles conversion
decreased only glightly with time while at the 34th cycle

there was a slight increase in conversion in the first 5min.

At the other cycles, there were slower decréases in conversion

throughout the period investigated.

B. Product Distribution

Figures 5.3.19 - 5.3.23 shows the variation of the
product compositions as functions of time for same of the 39 deacti-
vation cycles. The cyclohexane composition wa;llow and the
highest composition was obtained at the 39th cyéle where the
value reached 6.8%. At the 2nd, 11th and 20th cycles

- , the cyclchexane composiﬁions
decreased rapidly in the first 5min followed by a slow
decrease in conversion after 15min. At the 3rd and 23rd
cycles, the cyclohexane composition decreased rapidly initially

and became constant afterwards. The composition - time profiles \

|
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of cyclohexane passed through maxima at the 15th, 16th, 28th!
30th, 31st, 33rd, 24th and 38th cycles whlle at 10th, 24th
and 27th cycles the relationship between composition and time
was linear. At the 35th cycle, the cyclohexéne.composition
was constant for 15min. before it decreased while at the 16th
cycle the composition was almost constant
throughout the peribd investigated. At the 7th, 14th, 17£h,
18th, 19th, 21st, 22nd, 25th, 29th and 34th cycles, the
cyclohexane compositions were almost constant for 5min before
decreasing rapidly as functions of.time. At the other cycles
investigated, the cyclohexane compositions dec%eased rapidly
in the first 15ﬁin followed by a slow decrease:in composition
with time.

Similar to cyclohexane, the composition of hydrogendlysis
products were low. The highest composition of the hydrogeno-
lysis products was obtained at the 11th cycle where the initial
composition was 10.8%. The hydrogenolysis prodﬁcts composition

at the other cycles were below 6% except at the 7th, 10th,

12th, 24th and 25th cycles where the compositions were 7.8%,

9%, 7.5% and 7.1%, respectively. The compositions of the
hydrqéenolysis products paséed through ﬁaxima in the 5th, 10th
14th, 18th, 21st, 22nd and 26th cycles, while at the 31st
cycle linear relationship exists betweén the hydfoéenolysis
products composition and time. At the 11ith, 12tﬁ, 13th, 15th,
17th, 19th, 29th, 32nd and 34th cycles the hydrogénplysis
products composition was almost coﬁstant for S5min, decreased
rapidly between 5 and 15min and then slowly afterwards. At

the other cycles investigated, the hydrogenolysis'products

composition decreased rapidly in the first 15min and slowly
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afterwards. ‘

Unlike the cyclohexane and hydrogenolysis-product coﬂr

'positions, the benzene composition was high.  Its initial

compositions inlthe first 29 cycles were between ~20% and
2»30% exéept'at the 1st, 6th, 25th and 28th cycles were they
were 7.5%, 35%, 34% and 35% respectively. After the 29th
cycle, the benzene compositions for the remdining cycles werL
below 15% except at the 33rd cycle where the benzene composiT'
tion was 20%. The benzene composition was constant for the \
first Smin, decreased rapidly between 5 and iS min., and then|
slowly afterwards in the 10th, 13th, 20th, 23rd, 27th, 29th,
34th and 39%th cycles. The compbsitions of bénzene passed
through maxima at the T1th, 17th, 22nd and 24th cycles while

at the 37th cycle the relationship between benzene composition

and time was linear. At the 32nd cycle, the benzene composi-

tion decreased rapidly between zero and. 5min, was . constant

between 5 and 15min and decreased rapidly thereafter.

The coke contentl(in gC) versus cycle number is shown
in Figure 5.3.24. The coke level on the catalyst surface
exhibited a sharp rise after the 5th cycle indicétive of a
transition between one stability state to anocther. The coke
level in this state was between 0.041 and 0.047¢C while the

coke level in the second state was about 0.09gC. The life-

time of the second state appears to be very long as it continued

up to the 39th cyule when the investigation was discontiﬁued.
- As has been disclosed earlier, the total conversion

of MCP at zero time on Pt/A1203 catalyst decreased after the

29th cycle. Experimental results show that the conversion at

zero time was below 0.3 after the 29th c&c%er " The benzene

T~
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composition also decreased below i5% after the 29th cycleﬁ

It’is important to note that the cyclohexane composition &id

not decrease much as a function of time after the 32nd cycge.
A comparison of the coke levels obtained with MCP on

Pt/A120 catalyst at the 1st stability state with the coke

3
levels obtained with n-octane and iso octane on Pt/A1203
catalyst (Figure 5.3.9 and Figure 5.3.14) shows that the coke
content obtained with MCP is higher #han th% coke content
obtained with n-octane or iso-octane. The coke level of MCP
iso-octane and n-octane are ~0,04gC, 0.03gC and ~0.03gC
respectively. The conversion - time profiles of MCP (5.3.15-
5.3.19) shows that the fast deactivation region is about
i0min. This is exactly the same as that obpained using iso-
octane. The conversion level obtained with MCP in the first
S5min was constant for some cycles in agreementlwith the results
obtained using iso-octane. However one can infer from the
relative coke contents that MCP deactivates thé catalyst
faster than iso octane or n-octane.

Omoleye 52, however reporﬁed that the primary coke is
not resPonsible for the mortality of the catalyét. They
believed that secondary coke (more resistant coke) is respon-
sible for the catalyst mortality as they are much more diffi-
cult to remove during the regeneration of the catalyst.

In conclusion it is important to point out that the
profiles of MCP conversion on Pt/A1203‘catalyst are similar
to those obtained with iso-octane on Pt/A1203 catélyst in the
following wafs: (1} Their conversions for Smin forﬁmost of

the cycles on Pt/A1203 for both iso-octane and MCPwere constant.

(2) The conversion decreased from about 0.8 to below 0.1 for iso
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octane and from about 0.4 to beléw 0.1 for MCP within tne
first 15min. (in the fast deactivation region). (3) During
the slow deactivation region the conversion was either cont
stant or decreased very slowly as function.of time. For
example in the 1st deactivation cycle withliso—octane zon-
version decreased by 0.6 in the fast deactivation region
(first 15min) while in the slow deactivation region (bLetween
15-30min) the drop in convergion was only 0,03, For practical
purposes, the catalyst can be reqarded as dead after the fast

deactivation region.

IT. Pt -~ Be/A1203 (UNDRIED)

A. Total Conversion

The variation of the total conversion of ‘MCP with
reaction time for 12 deactivation - regeneration cycles on
Pt-Re/Al,0, - (UNDRIED) catalyst is shown in Figure 5.3.25.

The conversion in the_absénce of coking (at zero time) varied
between 0.34 and 0.54. This is higher than the c&nversion
with MCP on Pt/A1203 catalyét where the conversion at zero
time varied between 0.275 and 0.41 during the first 12 cycles
except the 1st, 7th and 11th cycles where the conversion

{at zero time)} were 0,127, 0.51 and 0.49, respectively. The
total conversion - time profiles show that the conversion
decreases' slowly with time up to 5min, then rapidly between

5 and 15min féllowed again by a region of slow decrease with

time at the lowest conversion levels.
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B. Product Distribution

Figures 5.3.26 - 5.3.30 shows the variation of product
compositions on Pt - Re/A1203 (UNDRIED) catalyst as functions

of time Zor some of the 12 deactivation cvcles. The cyclohexane camposition

was low for all the cycles and its highest value at zero time (1.53%) was

obtained at the 5th cycle. The cvclohexane compesition were linear
and almost insensitive to variation in timefduring cycles 1,

2, 6 and 9 while at Fhe 3rd and 7th cycles the compositions
were constant for about 10min before decreasing slighly. At

the Sth, 10th and 11th cycles, the cyclohexaﬁe composition each

passed through a maximum while at the 8th and 12th cycles, the

-composition decreased slightly as functions of time. During

the 4th cycle, the cycl?hexane composition increased slightly
up to 8min and became constant with time afterwards. N

The composition of hydrogenolysis products obtained on
the Pt-Re/Al,0, (CMDRIED) catalyst was high. The composition
at zero time were 32% at cycles 7,8 and 9 whiie in cycle 12
it was 37.5%., This is much higher than the value obtained
on'Pt/Alzo3 catalyst where the highest c0mposition obtained
was 10.8% (at the 11th cycle). In all the cycles investigatéd,
the profiles for the hydrogenolysis products décreased rapidly
in the fifsf 15min followed by é slow decrease with time
afterwards except at the 1st cycle wherevthe period of rapid .
deactivation was 5min {Figure 5.3.26) and the 5th cycle where
the composition of the hydrogenolysis products:passed through
a maximum.

The benzene‘compostion {at zero time) in £he first two

cycles was 10% and rose to 27% in the 3rd and 4th cycles and

‘dropped to 20% in the 5th, 6th, 7th and 8th cycles. These
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composition further decreased to below 10% after the 8th cycl

It is important that the benzene composition obtained cn !

Pt/A120 cétalyst in the first 12 cycles (between 20-30%) is

3

generally higher than the benzene composition obtained on \

Pt—Re/A1203

stant for the first 5min like iso octane on Pt/A1203 catalyst!

(NDRIED) éataly;;{' The conversibn was not con- \

This might be an evidence that the deactivating ability of
MCP is higher than that of iso - octane. ' The benzene composi=
tion was over 20% up to the 2%th cycle on Pt/Alzo3 catalyst \

3
dropped to below 10% after the 8th'cycle. The benzene compo-

while with Pt-Re/AlZO (MDRIED), the benzene composition
sition passed through maxima in the 6th and 9th cycles while
at the 1st cycle the profile showed an almost i1inear decrease
with time. At the 5th, 10th, 11th and 12th cyéles, the benzene
compositions were constant in the first 5min, decreased more
slowly after 15min. The profiles of benzene composition versus
time at the 7th and 8th cycles were the same ag‘those for the
Sth, 10th, 11th and 12th cycles except that these profiles
did not show any decline from zero time. |

The coke content versus cycle number (Figure 5.3.,31)
shows that coke contents remained approximately constant for
all the cycles investigated and the value is between 0.1gC
and 0,117gC. The quantity of coke deposited on the Pt--'Re/A1203
(UNDRIED.) catalyst is much Ligher than that depoéited on
Pt/A1203 ca;alyst {(v0,046¢C) under the same conditions.

It is important to note that the deactivation profiles
of MCP on Pt-Re/Al,0, (UNDRIED)} are similar to those obtained

with MCP and iso-octane on Pt/Al,0, catalyst except that with

i~ .
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the MCP on,Pt—Re/Alzb3 ( GNDRIED) catalyét the conversion|was

not constant for the first 15min.

ITI Pt-Re/Al,0, (DRIED)

A. Total Conversion

The variation of MCP conversion as fgnctions of time
for 12 deactivation - regeneration cycles on Pt—Re/Alzoé{DREED)
is shcwn in Figure 5.3.32. The conversion - time profiles
show that the conversion at zero time varies between 0.26

and 0.63. The lowest conversion was obtainéd at the 12th and

'8th cycles when the conversion at zero time were 0.26 and

0.32, respectively. The conversion is about the same as with
undried Pt—Re/A1203 catalyst. However, the Pt'—Re/A1203 {DRIED)

catalyst has been regenerated 15times before being used for

- the mortality study while the Pt—Re/A1203 (UMDRIED) catalyst

was regenerated 2times before it was used for the mo;tality
study. It is not impossible that the conversions of MCP on
Pt-Re/A1203(DR1ED) catalyst in earlier regenerated states

might have been higher than the conversions on undried Pt-Re/
A1203 regnerated only two times, The conversiop -~ time profiles
in Figure 5.3.32 show that conversion was almoStlconstant in
the first Smin followed by a rapid decline between 5 and 15min.

The conversion then declined slowly as a function of time -

after 15min.
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B. Product Distribution

Figures 5.3,33 - 5.3.37 shows the variation of.prmduct
composition on Pt—Re/A1203(DRIED} catalyst as functions lof
time for same of the 12 deactivation cycles. The cycléhexane armposition
was low in all the cycles investigated and its highest value,obtained at
the 3rd cfcle, was 5.5%. The cyclohexane composition passed'through.maxima
at the 1st, 2nd, 8th, 9th and the 10th cycleé while the pro-
files showed almost lineér decrease with‘time at the 4th,Sth
and 7th cycles. At the 3rd cycle, the cyclohexane composition
was constant up to 5min, decreased rapidly between 5 and 13min

and then decreased slowly afterwards while at the 6th cycle

the cyclohexane composition decreased for the first 15min and

became gdnstant afterwards.
The composition of the hydrogenolysis éroducts.at zZ2ro
time was about 22% at cycles 2,4,9 and 11, At thé other
cycles, the compositions at zero time were between 10 to 16%.
These are higher than the value obtained on Pt/Al,0, catalyst
where the highest compositioﬁ obtained was 10.8% {at the 1ith
cycle), but lower than the hydrogenolysis products composition
obtained on Pt-Re/Alzb3 (UNDRIED) catalyst wﬁere the composi-
tion of the hydrogenolysis products were above 30% at cycles
7, 8, 9 and’12.- The hydrogenolysis products composition
passed through maxima at'cycles 3,7 and 10. ,At_the 1st, 6th
11th and 12th cycles, the hydrogenolysis product's composition
was constant for ;he first 5min, followed by alfast decréase
with time between 5 and mein and then constant éfter 15min.
At the other cycles investigated, the hydrogenoljsis products

composition decreased rapidly in the first 15min followed by
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a slow decrease in compositién with time excep? at the 5th
and 6th cycles where the composition declined slowly in the
first Smin. The benzene qomposition was about. 30% at zero tim
in most cycles except 1st, 6th, 8th, 9th, 11th and 12th cycles
where the compositions were 40, 26, 20, 25, 18 and 15%,
respectively. The benzene composition did noé change much
with regeneration in contrast to the composition obtained
when Pt-Re/AlZOB(UNDRIEDI cataiyst was used. ;With the Pt-Re/
A1203(UNDRIED) catalyst benzene compoéition decreased to below
10% after the 8th cycle., The banzene composition on-Pt—Re/

A1203 (DRIED) catalyst was also higher than the composition

on Pt/A1203 catalyst.

The benzene profiles showed that at cycles 1,3, 4, 5, 6, 7,
11, and 12, the benzene composition remained;felatively
unchanged in the first Smiﬁ. After the 5th min, the benzene
composition decreased rapidly between 5 andl15min followed Jy
a slow decrease. At the 2nd, 8th and 10th ¢ycles, the benzene
composition decreased almost linearly with time. It is
important to note that the benzene c0mpositiqn was constant
for 5S5min in most of the cycles on Pt-Re/A1203(DRIED) catalyst
while it is not so when Pt-Re/Al,0,(UNDRIED) catalyst is used.
This also implies that Pf—Re/A1203(UNDRIED) catalyst deactJvates
faster than the dried Pt-Re/A1203(DRIED) catalyst.

Figure 5.3.38 shows the plot of éoke'content against
cycle number. The coke content obtaiﬁed were between 0.0BP
and 0.098¢C. The coke content is about tQice as High as t%at
obtained on Pt/A1203 and lower than the qﬁantity obtainedion

Pt—Re/A1203(UNDRIED) catalyst.

e T e
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Similar to the profile obtained with iso octane and
MCP on Pt/A1203 catalyst the coﬁyersion.of ﬁCP'on Pt—Re/A1203
(DRIED) was constant for 5min followed by a region of fast
deactivation between 5 and 15min and then a région of slow
deactivafion. The drop in conversion in the slow deactivation:.
region is very smali compared to the drop in ¢onversion
during the fast deactivation region. That the conversion of
MCP on Pt—Re/AléOB(DRIED) was constant for 5min and not for '
the Undried catalyst suggests that the Pt—Re/AlEOB(UNDRIED) f
deactivates faster than the dried catalyst. The dried catalyst

was able to withstand the deactivating environment for Smin.

_._ ‘
————
;
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Fig. 5.1.1: N-dctane conversion on Pt/A1203 versus W/F

at P= 5.7x10"3 atm in H, and various

temperatures.
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Fig. 5.1.4: N=octane conversion on Pt5A1203 versus
W/F at PN=25x10_3atm in H, and various

temperatures.
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Products of N-Octane conversion on Pt/A1203 versus W/F.

Figur~s 5.1.5 = 5.1.21

LEGEND

1. Iso Octane

2. Hydrocracked Products
iig 3. Ethylbenzene

4, 0-xylene

5. P-xylene

6. M-xylene

7. Toluene
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CHAPTER 6

6.1 Constant Activity Modelling Results

f
!
I
!
J
:‘
. I
MODELLING RESULTS }
J
i
f
{
:

In Chapter 3, mechanistic rate models were derived for

the conversions of n-octane, iso-octane and MCP. Parameters

of these models (rates and equilibrium constants) were

estimated by using the modified simplex algorithm (Search

method) of Nelder and I'Meadss’56 to minimize the sum of

squares of all the errors between the experimental and pre-

The nuterical technigue has been exhaustively,

dicted rates. f
discussed under Literature Review {(Chapter 2). The optimi- f
- J
I

zation routine tried different values for all the constants
!

until it found no other values that produced a smaller error..

I

All the models developed were tried and discrimination among
rival mcdels was based on the positiveness of the rate and f
adsorption equilibrium constants, on the goodness of fit anh

on the increase of the rate constant of the reaction with

l
I
increase in temperature. ;

The experimental yield and conversion values used 1n{
the modelling were read off from plots of composition and f
» l I

. : 1
conversion against space time. Rate expressions for reactions
: f

in stirred tank reactors were used to evaluate the experlj

mental rates. From the rate and equilibrium constants obdained

at different temperatures the activation and adsorption /
energies with corresponding pre—exﬁonential factors were

evaluated using the least squares technique.

Particular dlfflcultles associated with optlmlzatlo

arises because non-linear systems can have more than one

|
|
|
N
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|

optimum. The optimization method of Nelder and Mead ié

)

] capable of finding one or more of the éptimum points depending
on the'iﬁitial guesses and stepsizeé used, It was obsérved
that at initial guesses énd stepsizes larger than 5, very
poor prediction of the rate was obtained. At iﬁitial gﬁesses
of constants and stepsizes less than 1, ét least a negaﬁiye
value was obtained for one rate or equilibrium constant in

|

_ : |
The rate and adsorption equilibrium constants were|

I

evaluated using the departmental Epson Qx410 microcomputer,

i:? : all the models develoPed. l
s

The time for convergence varies with the model, the tempéra—'
ture, initial guesses of constants and stepsizes used. Tihe
time for convergence when n-octane kinetic parameters werk
g&% evaluated was between 45-75min. With iso;qctane converge%ce
time ranged between 25-45min while with MCP kinetic model\the

time for convergence was between 45-60min, \
l
\

\

The mechanistic rate equations developed on the basis

6,1;1 N-Octane Kinetic Modelling Results

of the mechanism obtained from a modified reaction networkl

proposed by Ako and Susu1 (See Chapter 3) were used as modehs.

\

Nineteen rate equations were derived and the rate equationsl

|

that best fitted the experimental data (conversion -W/I dat%)

- obtained at 0.00763atm n-octane partial pressure are: \
i

1. Rate expression of equation 3,1.5 '
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(a)
(b)

(a)
(b)

(a)
{b)

Rate expression of equation 3.1.7.

) k
kTKTCN Rﬁ CI
5
C c C
1+K1C + ﬁL N cP . EB . _ox Kmx + Px, { H2
N s X3 Kg Kg 11 %2 Ko

This rate model is based on:
Dissociative adsorption of hydrogen and
Conversion of adsorbed n-octane to adsorbed iso-

octane as rate limiting step.

Rate expression of equation 3.1.6. \

) - [
kKgKqKgCyy ~ Ko S |
C C C C - C C.. .5
1+{K1+K4K1)CN . ch+ KEB . Kox . KMx . pr Lt Hé)
3 8 9 11 - 12 K16
I

This rate model is based on:

Dissociative adsorption of hydrogen and -

Desorption of adsorbed iso-octane.

k
12 )
kK K.K.C. - —= C..C
115%% T KR ) “EB TH,
c c c c c c c: B2
(1+ K C'N + __:E + cP o+ EB + oOX + Mx + Px + HZ )
1 Ky Kj Kg Kg Ky Ko 17

This rate model is based on:

i

Dissociative adsorption of hydrogen and

Conversion of adsorbed iso-octane to adsorbed ethyl

benzene as rate limiting step.

|
|
\
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~ iso-octane as rate limiting step.

The rate models of n-octane dehydrocyclization were

derived from the following reaction nétWork {See Chapter

section 3.1.1i

HCP

/////;:;t

N - OQctaneg ——>

Iso Octane

4, RaUaexpresqion'of equation 3.1.8.
k, . K, K, C k, ,C C*
o = 1374"1°N 1470x H, .
7 ' .
CI CCP CEB Cox CMx CPx CH 12
U+ K" 2 7 X - tR TR, K. 2!
5 3 8 9 11 12 K10
This rate model is based on: | .
(a) Dissociative adsorption of hydrogen and
(b) Conversion of adsorbed iso-octane to adsorbed
0-xylene as the rate limiting step. ;
5, Rate expression of equation 3.1.13
!
ok
kK, C. ~
r, - 771N = CI
C C . C C _
1 +(1+K1K5]CI + cP | KEB . Kox + kMx + KPx ~ _
KS 8 9 10 . M1 |
This rate model is based on:
(a) Molecular desorption of hydrogen and
" {b) Conversion of adsorbed n-octane to adsorbed

.Ethylbenzene

O-xylene

3,
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According ‘to the network, n-octane convgrsion to iso-octane
is fast. This implies that the elementary steps involv;d in
the transformation of n-octane to iso-octane are fast aﬁd-
therefore cannot be rate determining. As a consequence, only
two model equations (3:{.7 and 3.1.8) out of the five tﬁat

satisfied the set criteria are likely to be rate deterqining

as thg other model equations were derived from the ele%entary'
steps where the rate of reaction éhould be fast. f
Predicted rate and adsorption eguilibrium consta#ts of
n-octane dehydrocyclizatiog on Pt/A1203 catalyst at v#rious
temperatures using the five model_eqﬁétions that sati%fied
the set criteria are shown in Tables 6.1.1 - 6.1.21. Tables

. . |
6.1.1 - 6.1.3 shows the values of the predicted rate and

adsorption equilibrium constants using rate équation 3.1.5.
The activétion energy for the reaction was about 24kéal/gmole
at the initial guesses of 5 stepsize 3 and initial g%esses

of.3 stepsize 3. At initial guesses 6f 5,Vstepsize 1, however,
the activation energy obtained was 38.87kcal/gmole. Ft is
important to recall that step 1 of the mechanism (Cﬁépter 3,
Scheme I) from which the rate model was derived is ,n adsorp-
tion step and as. such the adsorption energy should be negétive.
Steps 3,5,8,% and 10 of Scheme I a#e desorption steps and
since desorption is endothermic, the desorption enJrgies

should be positive. Pable 6.1.22 shows the extent |to which
these thermodynamic criteria were met usiﬂg rate eguation
{3.1.5). Tables 6.1.4 =~ 6.1.8Ishow the values of Lhe predicted
rate and adsorption equilibrium constants using rate equation

|
3.1.6. The activation energies obtained using different

-~

initial guesses and stepsizes ranged between 18-38kcal/gmole.
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Table 6.1.23 shows the extent to which the kiretic and thermoc{lynamic
- . , .

criteria were met using rate equation 3.1.6. Tables 6.1L9—
6.1.74 show the values of the predicted ' rate and adsorption
equilibrium constants using rate equation (3.1.7). The
activation energies Qaried between 14-24 kcal/gmole. Table
6.1.24 shows the extent to which the kinetic and thermodynamic ,criteria”
were met using equation. (3.1.7). Tables 6.1.15 - 6.1719
show the values of the predicted rate and adsorption/equi-
librium constants using rate equation 3.1.8. The acﬁivation
energies varied between 20-28kcal/gmole. Table €.1.25] shows
the extent to which the kiretic and mm@WaMc criteria were met using
rate equation (3.1.8). Tables 6.1.20 and6.1.21_show! the
values of the predicted rate and adsorption equilibrium
constants using rate equation (3.1.13{. Rate equéti@n 3.1.13
was derived uéing the mechanism preéented in Scheme FI (seg
Chapter 3). Accdrding to this scheme, step 1 is anfadsorption
step and steps 3,5,8 and 9 are desorption steps. Since
adsorption is exothermic the adsorption energy shouid be
negative. Desorption is endothermic and the desorption
eﬁergy should be positive; ~Table 6.1.25 shows the jextent
to which the kinetic and thermodynamic criteria were met
using rate equation (3.1.13).

It can be observed that none of the models satisfied
all the thermodynamic criteria; However, the model equation
3.1.13 satisfied all but one criterion at initial guesses
of.S for all constants, stepsize 5 and initial guesses of
3 for all constants, stepsize 1 while with model Fquations

3.1.6 and 3.1.8 all but one criterion was satisfigd at

3
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initial gquesses of 5 for all constants, stepsize 3 and -inikial

guesses of 5 for all constants, stepsize 1, respectively.

Figures 6.1.1 and 6.1.2 show the experimental and pre-

dicted conversion versus W/F profiles. Rate model equatién

(3.1.7) was used in predicting conversion at initial gues?es

of 5 for all constants, stepsize 3 in Figure 6.1.1 while in
Figure 6.1.2 rate equation 3.1.8 was used at initial guesses

of 3 for all constants, étepsize 1. The Figures show thaF

the best fit was obﬁained at 420°C. The fit at the highé?
temperatures were not as gooa. Even ét the higher temperLtures,
the fit was good at lower W/F values where the productioq of

secondary products.are minimized due to the higher flow rates.

|

The rate equations (3.1.7),(3.1.8) were then used to

|

les
I

predict the conversion - hydrogen partial pressure profi
that exhibited maximum conversions as hydrogen partial pressure

was increased. The rate equations were found to predict;well

the maximum in the conversion - PH2 data as shown in Fig?re

6.1.3 fbr rate equation 3.1.7 at initial guesses of 5, sﬁep—

The kinetic and adsorption parameters for the tro

..1.29

size 5.
equations are shown in Table 6.1.27 and 6.1.28. Table ﬁ

shows that the parameters did not satisfy most of the kinetic

|

and thermodynamic criteria.

|
|
|
|
|
]
|
|
|
l
|
|
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Table 6.1.1

Model Parameters for N-Octane Conversion

Rate Equation (3.1.5); Catalyst = Pt/Al,0

3
Initial guesses : 5
Stepsize: 3 . \
L
!
420°C 440°C 460°C A AE,AH(Kcal/gmol)
!
 gmol . Ba \
kK, gcat.h 2.1086) 4.2173| 5.3183 1.516x10 23.6
g Tole 2.465 | 1.0660| 1.9293 | 4.08x107°% 396
8 gcat.h . L
K, 0.9934| 2.2227| 2.1360 1.62x10° 19,64
K, 5.9452] 3.,9231| 5.3799 0.7453 ~2,71
: - 1
K 5.9265| 6.5542| 2.722 5.38x107° -19.5
K | 5.8833| 5.2922] 4.1285 9.43x107 -8.95
_ \
Kq 8.3100| 7.7292) 5.4856 4.52x107° -10.48
. , . - |
Ko 5.5244| 6.8035| 10.2493 | '4.25x107° 15.64
K | 6.1674| 5.6160| 2.6260 1.25x107° -21.52
. l
K, | 4.6510| 4.7566| 6.7581 3.93x10° 9.416
- | |

. A : gmnol
(a) Unit of A is given by 7 catn
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Model Parameters for N-Octane Conversion

Rate Egn. (3.1.53) ; Catalysﬁ = Pt/Al,0,
Initial guesses 3
Stepsize : 1 }
420°C 440°C 460°C A aE,AH(Kcalﬁgmol}
g mol 12a |
giat.n 1.1123 | 3.255 5.1095 5.0 x 10 38.87
kg ﬁé:th 1.6805 | 1.8191 2.899 8.72x104: 13.76 !
K, 4.2519 | 3.1151 2.1494 1.63x10 17.3
K, 5.3981 | 6.6368 | 2.7424 3.2 x10°° -16.93;
K 5.1993 | 4.6131 5.9091 47 .465 Py 3.04?
Kg 6.0683 | 4.8914 | 2.8726 7.56x10— -18.9 f
Ky 6.0758 | 5.6772 1.9216 5.95%10" > 28.98;
.9 4,7938 | 2.7566 | 5.3222 21.628 2.26
K, | 6.1546 | 3.2482 3.3565 7.38x10™° -15.55
.
K, 5 5.8322 | 7.9080 | 5.8142 6.7395 0.062
;
Table 6.1.3 !
Model Parameters for N-Octane Conversion f
Rate Egn. (3.1.5}; Catalyst = Pt/A1203
Initial guesses : 3
Stepsize :
!
420°C 440°C 460°C A AE,AH(KLal/gmol)
k?S?Zi.h 1.3827 | 3.0028 | 3.599 1.86x10%2 24.Ja4
ksé?ii.h 2.1568 | 0.621 0.4523 1.61x10 122 -39{88
K, 2.6349 | 3.9689 | 6.7693 8.09x10" 231,92
K, 0.4294 | 3.2635 1.0801 2.66x10" 24.17
& 1.4301 | 6.6147 | 0.5297 _6.87x10'8 ~24.23
Kg 4.4426 | 0.8067 | 4.6778 3.377 0.474
Kq 3.9255 | 2.9179 | 3.1534 | 0.063 -5.65
Ko 4.6260 | 5.0541 | 5.0398 | 21.264 2.14
I, 5.1694 | 0.4560 0.5518 3.45x10 18 -57.43
X 5 3.0066 | 1.3498 | 3.7889 113.41 /5 -446

|
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Table 6.1.4
Model Parameters for N-Octane Conversion

Rate Egn. (3.1.6); Catalyst = Pt/A1203

Initial guesses : 5 )
Stepsize: . 5 h
420°C 440°cC 460°C A: AE,AH(Kcal/gmol)
g%%if.h 0.3296 | 0.5204 | 0.9505 2.27x10°2 7687
10%%%%,h 3.4631 | 2.992 2.3168 6.16310:23 10,18
K, 5.8321 | 4.8969 | 2.7335 6.28x10 -19.14
X, 7.0927 | 6.4388 | 7.6937 28.50 ) 1.98
X, 3.0199 | 4.6734 | 5.0614 4.38x10 13.2'
& 7.6173 | 8.1612 | 8.6051 71.5216_20 3.1%
K 6.6089 | 6.7087 | 0.4986 4.45x10 -64.91
Ky 7.0065 | 6.2838 | 18.049 1.59x10° 23.74
X0 5.6292 | 6.4131 | 5.5196 4.2888 0.44
K | 7.3420 | 7.1493 | 3.2565 3.17x10;6 220.484
2 d.6121 | 4.1493 | 7.1475 1.13%10 10.86
Tabkle 6.1.5
Model Parameters for N-Octane Conversion
Rate Eqn. {3.1.6); Catalyst = Pt/AlZO3
Initial guesses : 5
Stepsize: 3
420°c | 440°C 46G°C A AE,AH(Kcal/qmol)
kggcjifh 0.2492 | 0.689 1.1163 6.74x1012 38.19
Ky gcit-h 2.5218 |2.5856 | 3.1199 3.18x10%2 5.364
%, 5.3746 | 4.5908 | 4.1624 0.0487 ~7.508
X, 7.1022 |6.6289 | 6.8123 36.27 2.432
X, 3.8014 | 3.8787 | 3.5854 1,3580 ~1.483
% 6.1953 | 6.7646 | 6.8123 36.27 2.432
K 5.7804 |6.1474 | 6.9204 | 153.24 4.556
%, 6.0483 |5.8879 | 6.4879 20.905 ©1.748
X 6.1268 |6.2218 | 3.6121 4.59x104 ~13.296
K, 6.4625 |6.5465 | 7.1778 43.034 2.646
2 6.6781 |5.6442 | 6.1429 1.3218 ~2.188
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Table 6.1.6 _
Model Parameters for N-Octane Conversion

Rate Eqn. (3.1.6); Catalyst = Pt/Al,0,

Initial guesses 5
Stepsize: 1
4208Cc | 440°C 460°C A AE;ﬁH(Kcal/%mol)
gl 10a
kgSCat .h 0.2334 | 0.6084 | 0.8779 2.66x10 33.788
: g%%éf.h 2.3588 | 2.3415 | 2.4157 9.6992 0.59
K, 5.2084 | 5.4650 | 5.0026 2.514 0.986
K, 5.3855 | 5.7851 { 5.3562 5.073 -0.11
X, 4.5436 | 4.5649 | 4.1499 n.7382- -2.286
K 6.2912 | 4.9650 | 5.1731 0.1593 ~5.03
Ky 5.4654 | 5.6600 | 5.6690 10.88 0.94
&g 5.7286 | 5.6444 | 5.5454 { 3.1614 ~0.824 [
X0 5.6169 | 4.7561 | 5.2696 1.5888 ~1.69
K, 5.6306 | 5.8463 | 5.8976 | 13.3298 1.188
K, 5.4922 | 5.5422 | 5.3393 0.0316 -7.132
Table 6.1.7
Model Parameters for N-Octane Conversion
Rate Eqn.(3.1.6); Catalyst = Pt/Al,0,
Initial guesses
Stepsize:
a20°c | 440°c. | 4e0°cC A AE,aH(Kcal/%mol)
kg%%%%.h 0.5772 | 1.4311 | 1.5312 1.18x10%2 24.96
kﬁ%mgézi.h 1.7368 | 1.6217 | 2.087 45.422a 31154'
K, 3.3049 | 1.6370 | 3.9157 43,7284 3.934
K, 3.8524 | 3.0731 | 0.9547 4.26x107 11 -35.18
X, 2.2316 | 3.8935 | 3.7118 3.04x10% 13.05
K. 3.6994 | 3.6347 | 3.4032 0.732 . ~2.182
Kg 4.694C | 3.4549 | 0.1723 5.95x102° -83.274
Ky 4.6940 | 5.8057 | 6.6335 2.71x10° 8.798
Ko 3.5186 | 2.0174 | 2.3115 1.27x10;3 ~10.832
K, 4.6940 | 4.5100 | 8.3992 1.66x10 14.67
K, 2.1869 | 3.0558 0.2425 1.84x10"17 -55.15 |
S i
{
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Table 6.1.8

Model Parameters for N-Octane Conversion

Rate Egn. (3.1.6); Catalyst = Pt/A1203

Initial guesses : 3

Stepsize : : 1 \

' ‘ . ' i —
420°cC | 440°C | 460°C A , AE, 8E{Kcal/gmol,
gmol 6a |
k jgCat.h 0.9846 | 1.1912 2.0045 1.07x10 17.966
Y gmol 1.577 1.4485 1.0205 618.938 -10.98
'gCat .h ] .
10 \
_ \

K, 2.9074 | 2.6945 0.9893 | - 1.05x10°° -27.154 \

X, 3.4414 | 0.7198 3.1806 0.2897 -2.748

K, 1.4238 | 3.3714 5.3334 5.25x10° 33.64

s 3.2922 | 4.9519 3.1439 1.863 -9.84 \
by ‘ 3.6744 | 3.4239 | 3.0110 0.0996 -5.014 \
<y 3.7650 | 3.3620 | 1.1524 | 2.20x107° -29.68 \
%y 3.1158 | 2.4511 2.9716 1.1388 -1.29

X, 3.8415| 3.2871 | 4.2707 23.2429 | 2.49 \
X, 3.5677-| .3.2975 3.5178 2.6832 - -G.376 \
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Table 6.1.9 ,
Model Parametérs for N-Oc:tane Conversion N
Rate Egn. (3.1.7); Catalyst = Pt/A1203 ™~
Initial guesses 5 ‘
Stepsize: 5 |
1.
420°C 440°C 460°C A AE,AH(Kcal/gm%l)
‘i1§%§%7h 1.0476 | 2.52 2.658 9.53x1Q7a 23.84 k
k1zg§%§E:h 2.274 | 2.34 0.59 1'93X10—i?: -33.85 1
K, 5.762 {0.7174 | 0.6507 | 1.315x10 55,87
K, 6.6148 | 1.3123 | 6.9651 |5.63 \ 0.5
K, 4.7079 .| 5.6664 7.5970 | 3.04x10 12,186 |
K 7.1797 | 4.9377 | 7.1239 | 4.84 -0.38 E
Kg 6.0611 | 4.4555 | 5.4603 | 0.754 -2.77
X, 6.1179 | 9.8898 | 6.0785 | 7.57 0.076 |
Ko 6.6176 | 5.3505 | 4.2926 2.4x10-z ~10.99 i
K, 9.6195 | 7.0092 { 15.3376 | 3.38x10 11.666
X, 6.6347 [12.2251 | 6.0907 | 2.16 -1.848 |
|
Table 6.1.10 _ i
Model Parameters for N-Octane Conversion I
Rate Eqn. (3.1.7); Catalyst = Pt/Al,0; 1
Initial guesses : 5 i
Stepsize : 3 |
|
420°c | 440°c | 460°cC A AB,AH(Kcal/gmolﬂ
X, §§§%fa 1.104 2.172 | 2.55 1.6x10"2 21.366 1
k,, g%géfh 2.600 | 2.466 | 2.4 e -2.038 E
K, 7.0558 | 0.6117| 0.8064 | 1.57x10 -55.74 1
K, 5.8805 | 3.2092| 4.7079 | 0.0714 , -5,.89 |
K, 4.7630 | 6.4122| 6.8232 | 3.72x10 9.18 1
Kg 5.4142 | -6.9974] 10.0104 | 3.8x10° 15.49 1
Ky 5.6668 | 4.4203| 4.3614 | 0.0426 6.724 i
K, 6.2143 | 7.2070] 4.3608 | 0.0118 -8.838 :
Ko 5.1158 | 6.7703] 5.5485 [26.735 2.186 \
K,y 4.5488 | 5.1041] 5.8936 | 517.5 6.57 k
Ko 6.0613 | 7.5195| 4.8337 | 0.1205 _5.58 |
1
\
%
|
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Table 6.71.11
Model Parameters for N-Octane Conversion

Rate Egn. (3.1.7); Catalyst = Pt/A1203

Table 6.1.12

Initial guesses : 5
Stepsize: _ 1
420°C 440°C 460°C A Aé,aatxcalfgmoﬁ)

- g%%%—h 1.1562 | 1.998 | 1.98 8.26x10%2 13.98 ;

ko TE | 2124 [ 22278 | 2.1 1812 -0.168 ;

K, 5.8593 1.0069 | 1.3723 | 8.3x10°°° 37.36

Ky 5.3826 | 5.0159 | 5.2604 | 3.394 -0.612

[Ky 4.5771 5.5553 | 5.7278 | 294.12 5.736

K 5.3240 | 6.2263 { 6.8734 | 589.9 6.514 |

Kg 5.4959 | 4.3610 | 5.1375 | 1.395 -1.812

Kg 5.2106 | 5.2731 | 5.4532 [12.013 -1.164 )

K 5.2869 | 5.3419 | 5.0463 | 2.328 y.152 |

K, 5.4011 6.3781 | 5.6373 [12.95 1.148 /

K 5.9732 5.4050 | 5.6133-} 1.822 ~1.616 |
!
|

Model Parameters for N-Octane Conversion
Rate Eqn. (3.1.7); Catalyst = Pt/Al,0,

Initial guesses : 3
Stepsize : . 5 !
420°C 440°C 460°C a AE, AH(Kcal/gmol)
X - |
i
gl [ 2516 | 2.2764 | 2.388 | 5.61x10°2 16.534
k'll gCat.h
guol 2.0604 | 2.0676 | 3.024 | 5.67x10°% 9.684)
k12 gCat.h :
K, 1.0077 1.5167 | 1.4502 | 927.9 9.32 {
Ky 4.7180 | 6.6648 | 3.5168 | 0.031 ~7.184
K, 3.7055 5.1980 | 6.9407.| 3.66x10° 15.932 |
Kg 5.7493 0.9362 | 3.2821 7,1x10'5 -14.98 ( ,
Ky 1.4538 | 5.6735 | 2.1178 | 3.14x10°" 10.12 f 1
ﬁg 5.1388 | 0.9036 | 3.6157 | 2.86x107° -9.69 )
K, g 3.555 5.7836 | 3.1053 | 0.4326 -3.068
K, 4.2216 | 0.3095 | 4.5895 | 3.28 0.842!
X5 5.1214 | 5.2538 | 3.6754 | 0.0134 -8.33 l;
l

!
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Table 6.1.13 . N
Model Parameters for N-ﬁctane Conversion
Rate Eqgn. (3.1.7)}; Catalyst = Pt/A1203

Initial guesses  : 3
Stepsize: 3
420°¢C 440°c | 460°C A AE, AH(%cal/gmol)

- g%%%Th | 12342 | 2.7a2 | 2.9085 2.67x10'2 21.86

K, gCat h | 2.1354 | 0.6324 | 0.2694 4;.75#10"16& .52.65

X, 0.9375 | 0.6167 | 0.7940 | 0.036 —4.?66

K, 2.2157' 1.5847 | 2.0655 | 0.497 : -1.?38

K, 4.0658 | 6.4566 | 7.4735 | 3.12x10 15,526

K 3.3916- | 2.6311 | 1.9473 | 1.32x107% -14.088

Xg 2.0769 | 5.8901 | 1.4967 | 0.0118 . -7.?

Xy 4.3148 | 3.9155 | 1.8230 7.52x106 -21,726

Ko 3.1355 | 6.9823 | 6.5523 | 3.05x10 18.924

Ky, 5.3903 1.9622 | 6.2038 | 33.784 3.03

K, 3.8265 | 0.9205 | 3.9365 | 2.42 0.?1
-

Table 6.1.14

Model Parameters for N-Octane Conversion

Rate Eqn. (3.1.7); Catalyst = Pt/AléO3

Initial guesses : 3

Stepsize : ' 1

420°¢C 440°c | 460°C a AE, AH |(Kcal/gmol)
1 SZZi,g_ 1.38 2.4 2.5152 2.47x1053 15.27
o —3a

K, ggaé | 1.1619 | 1.2756 | 0.7608 1.67x107 -1o.f92

X, 0.7147 | 0.9075 | 1.9561 6.12;;10_9 25.44

K, 3.8148 | 0.7605 | 1.2143 | 1.48x10 -29.6

K, 3.75 .8180 | 5.6748 | 1.13x10% 10.868

Ky 4.0986 | 2.4208 | 3.2028 | 0.0345 -6.f4

Kg 2.3942 |’ 4.7185 | 2.2109 | 0.897 -1.684

Ky 2.6005 1.8717 | 1.9536 | 0.0113 -6.454

K, g 4.0640 | 4.9041 [ 4.4046 19.§5 3 2.12

Ky 3.4805 | 0.9346 | 5.1632 | 1.725x10 9.28

X, 3.1048 | 3.2037 | 2.5022 | 0.0655 -5.4
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Table 6.1.15

Model Parameters for N-Octane Conversicn
Rate Egn. (3.1.8); Catalyst = Pt/A1203
Initial guesses : 5

Stepsize :

| azoec 440°c | 460°C A AE, AH(Keal/gmol
K, 3 %?%%?h 1.31136| 1.9728| 2.8798 6.5x10%2 19,984
k,, gCat.h | 2.5128 | 3.1764 | 2.532 9.17% . 0.31
K, 7.0098 | 1.2507 | 0.7441| 6.78x10" ~57123
K, 5.7140 | 4.4357 | 4.2006 | 0.019 . -7.868
K, 4.3271 | 5.9836| 7.2883 6.29x107 1326
K 5.4149 | 7.2366 | 12.9629 4.31x10-3 22 096
Kg 5.3971 | 6.4689 | 3.3922 1.40x10—5 -11163
Ky 5.7587 | 2.3962 | 2.9517 | 1.92x10 -17.24
X0 | s5.2698 | 4.8753| 5.3506 | 6.547 0.j34
K, | 6.0616 | 5.7044 | 5.4233 | 0.82 . -2.77
K., 5.8991 | 7.0729 | 3.6676 | 1.30x10 ~11.858
Table 6.1.16 g
Model Parameters for N-Octane Conversion i
Rate Egn. (3.1.8); Catalyst = Pt/A1203
Initial guesses : 5
Stepsize: ' 1
420°C 440°C 460°C A AE, Aﬂ(kcallgmol)
k. 3§Zi.h 1.06875 | 2.1102 | 3.2034 | 1.65x10°2 27.?18
k %%3%.h 2.178 2.3658 | 1.71 0.082 | -6.046
X, 5.9474 | 0.6921 | 0.5902 | 1,28x107"8 -59.%4
1% 5.6017 | 4.3894 | 5.7068 | 6.67 ; 0.358
X, 4.6079 | 7.7565 | 6.7057 | 5.5x10 9.684
K 5.3110 | 6.1670 | 6.3478 | 144.6 4.?54
Kq 5.6045 | 4.9933 | 5.8140 [ 9.99 .86
Ky 5.3445 | 4.3830 | 4.9381 | 1.13 -2.084
X 5.2350 | 3.1808 | 5.6174 | 13.316 1.534
K, s.§361 7.1861 | 5.9688 | 18.95 , 1.6
X, 5.4606 | 5.6027 | 3.4551 | 1.48x10 -11.53
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Model Parameters for N-Octane Conversion

Rate Egn. (3.1.8); Catalyst = Pt/A1203
Initial guesses : - 3
Stepsize : 5
' !
a20°c | 4ad0°c | 460°cC A AE, BH(Kcal/ghol)
ot | T
k5 gCat.h 1.30398 | 2.0916 3 1.6x10 21.2
gmo S5a
k , gcat.h 1.7892 2.094 3.14904 1.4x10-4. 14.29
K, 1.4197 0.8748 | 0.9607 | 9.2x10 -10.044
Ky 1.0639 | 6.8964 | 1.8014 4.8x104‘ 14.152
Ky 3.7434 5.9865 | 7.5771 | 1.6x10° 17.958
X, 6.5741 | 1.5382 | 2.4901 1.5%10" -25.11
Kg 7.3432 1.6567 | 3.9235 | 3.4x107° -16.49
Ky 0.4636 | 6.2786 | 1.7042 | 3.9x10'° 34.00
Ko 3.9466 7.6332 | 3.2792 | 0.22 -4.33 i
Ky 3.9880 0.7935 | 6.009 | 2.1x10° 9.532
X 5 7.2415. | 7.6932 | 3.2758 | 4.9x107® -19.9
Table 6.1.18
Model Parameters for N-Octane Conversion |
the Egqn. (3.1.8); Catalyst = Pt/A1203 '
Initial guesses : 3
Stepsize: 3
420°¢ 440°c a60°C A AE, AH(Keal/gmol)
gmol 8a
kq3 gCat.h 1.08 2.4132 | 2.9232 | 2.9x10 25.388
gmol =104
k., ,9Cat.h 1.9344 | 0.9996 | 0.5244 |2.18x10 - -33.12
K, 1.1372 0.9279 | 0.6642 6.1ex1o:: -12.644
Ky 3.0617 2.5963 | 1.000 5.02x10S : -28,22
Ky 4.326 6.3821 | 8.2624 | 6.33x10 16.46
K 3.5008 | 2.6993 | 1.9482 | 6.18x107° ~12.644" |
Ky 4.4173 | s5.1772 | 1.3483 |2.68x107° 29.76
Kq 2.4364 4,68 2.7114 | 25.89 ; 3.08
X0 2.8982 5.0949 | 6.1640 | 1.19x10"; 21.04
K 4.7379 | 2.8697 [5.1605 |15.85 1.92
K 5 4.0385 1.2925 |3.8712 ]0.88 -1.61
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Table 6.1.19
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Mcdel Parameters for N-Octane Conversion.
Rate Egn. (3.1.37); Catalyst = Pt/A1203

Initial guesses 3
Stepsize : 1
420°C 440°C 460°C A AE, AH(Kcal/gmol)
grol 7a
k 5 oCat.h 1.2987 2.4 3.0516 | 2.5x10° 21.786
g‘& _6a
F14 gCat.h 1.2834 1.2756 | 0.56052| 1.17x10 -20.844
K, 1.1295 0.9075 | 1.1115 | 0.731 -0.508
Ky 3.7848 0.7605 | 0.5742 2.45x10 L2 -48.18
X, ' 3.3472 7.8180 | 7.2075 3.87x10° 19.138
K. 3.8387 2.4208 | 4.1404 | 11.02 1.688
Kg 3.7981 1.8717 | 2.1529 | 8.74x10™" -14.6
Ky 3.0641 | 4.7182 | 0.7139 | 1:73x10" 1} -36.4
X0 3.6777 4.9041 | 5.1692 2.05%10° 8.7
K, 3.0118 0.9346 | 6.1776 5.52x10° 17.488
K, 2,8122 3.2037 | 2.1280 | 0.02 -6.954




€

!

339 !

Table 6.1.20 “ !
!
I
!

)

i

4

(£

42

Model Parameterg for N-Octane Conversion N
Rate Egn.(3.1.13): Caﬁalyst = Pt/A1203 N
Initial guesses : 5 !
Stepsize : 5 f
I
420°C 440°C 460°C . AE,AH(KCangmolJ
ko Sﬁii.h 2.3389 2.5715 5.4482 2.72x10"2 2.3 |
« gmol 10a : !
8 gCat.h 4.9258 3.1529 1.0697 8.55x106 -38.63[
K, 0.8754 | 5.9502 | 1.9828 7.69x107 21,49
K3 4.3102 0.5821 |11.849%6 8.8Px10 24.46;
K, 2.8355 | 0.1081 | 0.8326 8.48x10_1;01 2.4 )
Ky 6.9082 5.6757 | 0.5463 | 9.297x10 53.8 |
X, 9.2114 | 5.6877 | 9.2838 | 7.7214 . o.oz%
KIO ' 6.0133 7.9682 10.6480 1.94x108 14.44?
Kil 3.8213 5.7226 | 11.0507 9,.77x10 26'9f
f
, l
Table 6.1.21 T
Model Parameters for N-Octane Conversion - {
Rate Eqn. (3.1.13): Catalyst = Pt/A1203 [
Initial guesses : 3
Stepsize : 1 -’
420°C 440°c 460°C A AE,AH(Kc%l/gmol)
gmo 1 ' 8a {
E7gCat.h 1.5139 4.2157 .4.1298 5.59x10 25.%3
kg 323%?5 1.8730 1.4114 | 0.9564 | 2.35x107°2 -17.&4
K1 6.1226 2.5421 3.9011 1.025{10_320 —11.%6
K3 2.9420 3.4642 0.2301 4.186xlg6 -64 |
Ke 0.1162 0.3185 | 3.8215 4.27x125 88.?2
KB 0.1410 | 0.6141 4.,0938 7.6x%10 10 85.?28
Kg 0.1089 4,0660 5.2704 2.42x108 99.F
KlO 0.8744 0.6082 2.6607 3.34x10 27.?
Kll 2.6908 0.3195 8.6859 1.157x103 9./456
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Table 6.1.22.

Parameters that satisfy thermodynamic criteria using

(3.1.5) ,
{(N-Octane, Pt/A1203}

rate egn,

340

|
i

Initial guesses

Desorption Enérgy

Model . and Activation Edsorption for desorptioL steps
Equation Stepsize Enerqgy Energy :.
T 315/ 8 9110
1
a 1.
3.1.5 Sb + - = -] - —f +
3° |
3 + - =1+ 11 +
3
3 —_— |
1 + - -1+ \:) ? +

+ Parameter satisfies Kinetic and equilibrium criteria

- Parameter violates kinetic and equilibrium criteria

.{a) Initial guesses

Table 6.1.23 (N-Octane; Pt/Al,0.)
Parameters that satisfy thermodynamic criteria using raté

eqgn. (3.1.6); (N-dctane; Pt/A1203)

I

(b) Stepsize!

J'

|

Initial guesses ‘ DesorptionIEnergy
Model and | Activation [Adsorption |for desorption Steps
Equation Stepsize Enerqy Enerqgy 3|15 8 %‘ 10
3.1.6 5 N + o +| - 41 -
5 L]
> + + +{ +| + J -
3 l
1
3 |
1 + - =1t |-
3 I
3 * - e e e
" |
3 + + -
1
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Table 6.1.24

341

Parameters that satisfy thHermodynamic criteria using

rate eqgn. (3.1.7). (N-Octane; Pt/AlZOB)

- [
Initial guesses Desorption Energy
Model and - Activation | Adsorption ) for desorption S%eps
. . :
Equation Stepsize Epergy Enercgy 3 5 8 9 !10
5 !
+ + 1= |- + |-
i
|
3.1.7 > + + - + + | - "
3 |
5 i
+ - -1+ 1 -1-1s
1 l
!
3 i
5 + - - -1+ -1-
|
3 i
+ + -t=-1-1- .
3 E
3 i
+ - - -1 - + |
1 l
|
i
Table 6.1.25 (N-Octane ;'Pt/A1203)

Parameters that satisfy thermodynamic criteria using

rate equation (3.1.8)

(N~-Qctane ; Pt/Al

203)

A
i
l
i
Initial guesses Desorption Energy |
: gy |
Model and Activation | Adsorption | for desorption Steps || .
Equation Stepsize Energy Enexgy 3 5 8 9 10 )
> + + -+ =-1- 1+
3
i
3.1.8 5 a
+ + + |+ o+ |~ |+ ‘
1 b i
|
3 + + + - -1+ |- ‘
5 i
!
3 + + T N T ‘
3 k
r l
3 + + -+ -1-1+ i
1 |
|
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Table 6.1.26 ; )
Parameters that satisfy thermodynamic criteria using )

rate equation (3.1.13)
Pt/A1203) " J

!

{(N-Octane ;

&

)

()

Qg?

: i
Initial guesses Desorption Energy
H
Model and Activation | Adsorptionifor desorption Steps
Equation StgpSLZe Energy Energy : 3 5 8 g | 10
5 j
+ - + | + | + ] +
3.1.13 5 1
j
|
3
+ + - + + | +
1

———— e
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Table 6.1.27

Model Parameters.for H2 Dependence Using

Egn.

(3.1.7})

!

343

Initial cuesses of constants:

Stepsize:

i
!

|
l
|
\

|
|.
i
i

420°c | 440°c 460°C A az,aa(xcai/gmol)

gmol | ' 6a E
K, gFZE 2 1.3421 2.1284 2.8212 | 3.15x10 18.92
K, ggat h 2.7558 2.4391 1.9566 0.014535 —8.676}
K, £.3834 9.2012 | 14.856 2.61x106 14.432]
K, 3.2711 7.9507 7.2533 | 9.83x10 20.456%
K, 6.858 5.979" 6.1504 | 0.8825 -2.804 |
K 5.3742 | 5.7187 | 3.6872 6.4;x10'3 ~9.444 |
Kg 6.0552 3.2404 7.2533 5.11x10:1§ -38.866 |
Kg 6.7960 3.8121 1.3068 2.26x106 -39.928 [
Ko 4.0?82 7.5544 1.4043 | 7.61x10 19.92 %
K 7.0028 6.7196 8.8541 | 2.21 Py -1.586 |
K, 6.3033 3.6064 2.9248 | 4.37xt0 -19.58 \

Table 6.1.28

Model Parameters for H, Dependence,ﬂSing Egqn. (3.1.8)

|
|
|
|
|

Initial guesses: 3
Stepsize 5 R
{
420°C 440°C 460°C A i lag, 88 (keal/qmbl)
qmol ' l
K13 gCat.h 1.3182 2.599 2.529 6.95x10 16.73
_ gmol i .
K14 qCat.h. 2.763 ?.112 2.396 0.4785 -3.72
Kl 8.5948 14.0745 13.8010 6.01x12 12.156
K3 4.1376 5.1615 9.1225 7.2x10 20.0
K4 7.1304 ©.549 7.2402 8.846 0.34
KS 5.0704 7.418 4.291 0.3266 -4.01
K8 6.7424 2.4344 4.8368 B.57x10 -8.86
Kg 5.3439 5.926 3.9926 0.02 . -7.86
K10 3.9274 0.2627 10.3357 43x10 24,35 |
K, 7.0055 5.441 4.4407 62x10':3 -11.5 E
K12 6.1513 1.3235 1.19 19x10 -42.1 i

Yo o
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Table 6.1.29

Parameters
‘using rate

(N-Octane;

344

that satisfy thermodynamic criteria 1

eqn,
Pt/A1293'

(3.1.5)

|
|

Initial guesses Desorption Energy
Model and Activation | Adsorption |for desorption Steps
Equation Stepsize ‘Energy Energy 31 5181 9,10
1
|
5 .
+ - +[ - =1 -1+
3.1.7 5 :
! |
; i
' + - + - - - +
3.1.8 5
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6.1.2 Iso - Qctane Kinetic Modelling Results

The rate equations used were derived on the basis of

"the generally accepted mechanism for skeletal isomerization

(see Chapter 3, Section 3.1.2). The rate eguations t%at
l

best fitted the experimental data (conversion - W/F data)

obtained at 0.092 atm iso-octane partial pressure arct

1. Rate expression of equation 3.1.25
kyq Kg Ky(al . } ki, [B]
- Te = [H2] Kh%? [H2]
1+ K Kqla) . [B]
. (H,] KoKy, (HyT

i

|
This rate model is based on the isomerization of adsor%ed

\

B

iso-octene on the acidic site as the rate limiting step.

2. ‘Rate expression of equation 3.1.27
k3K, KK, [A] Ky, IB] N
[H,] K, [H,]
7 KK, [A] K. KK, (A]
1 + 57d . 6 5°d
TIHE T )]

This rate model is based on the desorption of iso octene

(that which forms'ppoduct) from the acidic site. as the rate

limiting step.
Predicted rate of the isomerization of iso-octane on

0.3% Pt/Alzo3 at various temperatures using the two models

|
|
h

»
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|

that satisfied the set criteria are shown in Tables 6.1.30 -

'6.1.36 while the predicted rate parameters on O.G%Pt/A1203

are shown in Tables 6.1.37 - 6.1.44., The activation |energy

~obtained with 0.3%Pt/A1203 using model Egn. (3.1.25) was

higher‘tﬁan those obtained when model Egn. (3.1.27) was used.
The activation energies obtained using model Eqn.{3.f.27)
was v 26 Kcal/gmol found_compafable to those obtained for
n-octane dehydrogfclization on the same type of catalyst.

on 0.6%Pt/A120 catalyst, however, lower value of acﬁivation

3
energies were obtained with model equation 3.1.25 th%n those

3

obtained using model equation 3.1.27. The rate equaéion

predicted well the conversion - W/F profiles at all the
temperatures investigatéd. Selectéd.predicted éonversions.
vlotted alongside experimeﬁtai conversions at differeht
temperatures and various initial guesses and stepsizes are

shown in Figures 6.1.4'— 6.1.7.
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Table 6.1.30
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Model Parameters for Iso=0ctane Conversion

0.3% Pt/A120

Rate Egn. (3.1.25); Catalyst = 3
Initial gquesses : 5
Stepsize: 5
390°C 400°¢C 410°¢c 420°¢C 430°C a AE ,AH (Kca?
/ﬁmpl
gmo L _ |14a
.k11 gCat.h 1.055 1.654 2.6132 5.774 5.743 3.76x1Q 43.07
gmol } |_3a
szgCat.h 3.914 4,468 3,954 4.645 0.3944 1.78x11 -11.170
%i 3.6697 2.03 2.0954 0.5411 1.676 4.55x10—9 -26.95
Kh 6.9556 10.97 3.3798 8.2805 1.94 2.49x1Q-8 -26.18
i
. I
KS 4,52 4,17 1 5.3999 6.4653 1.3291 5.62xld-6 -18.36
K7 10.2099 ; 10.75 10.0072 1.234 15,5194 7.85x10‘_4 -12.48
Table 6,1.31
Model Parameters for Iso-Octane Conversion
Rate egn. (3.1.25)
Catalyst : 0.33Pt/Al,0, ,
},
Initial guesses :
Stepsize{
380°C 400°C 410°C 420°¢C 430°¢C A AR ,AH (XKcal/
gmo 1.
gmol !
k (9Cat.h | 1.065 1.774 | 3.906 | 5.161 | 8.272 .1ox10t3| 46-14
gmol : ' 24a]!
k12 gCat.h 3.918 2.85 1.265 13.592 100.3 .46x10 [ 73.69
%ﬂ 3.3177 1.52 . 1.2526 2.66 0.5809 .61;{10—9 P -27.168
Kh 8.0119 8.05 6,.4817 113,46 313.487 .46x1024 72.05
KS 4.,3072 3.47 1.5719 3.262 20.6197 .27x109 27.954
K, 9.495 7.15 4.7297 [0.788 | 9.06 .14x10”’ | —21.644
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Table 6.1.32
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Model Parameters for Iso-~-Octane Conversion

\
\
Rate Egqn. (3.1.25) \
Cata}yst: 0.3%Pt/A1203 : 1
Initial guesses 5
Stepsize: 1 ¥"
390°c | 400°c | 4to°c | 420°c | a30°c | a AE,8H (Kcal/
. L_gmol
gEEi— 1 17a
kll gCat.h| 1.065 1.654 4.257 4.27 11.855 9.54x10 1 53.528
gmo 1 . T
k12 gCat.h| 3.918 4.468 2.097 9.436 3.0623 [59.5% 1 2.296
Ka 3.31717 2.03 0.9425 1.7954 1.4421 7.54:(10!-6 i~16.87
Kh 8.0119 10.97 7.3438 3.3568 13.8909 271.78 ; . 4.754
KS 4.3072 4.17 1.,9772 4,135 1.54124 1.85x10 1-~19.5
K, 9.4950 |10.75 | 5.7000 | 0.3a14 | 2.1479|3.92x107"7 ||-59.53
: r
t
| 1
Table 6.1.33 i
Model Parameters for Iso-Octane Conversion ]
Rate Egn. {3.1.25) i
Catalyst : 0.3%Pt/A1203 |
Initial guesses 3 1
Stepsize; l
|
390°¢C 400°C 410°C 420°C A AE,AH(Kc%l/gmoll
K gmol, ' 17a i
11 gCat.h]| 1.0827 1.468 3.646 5.167 1.93x10 51.44
gmol 16a b
K12 gCat.h| 1.811 0.0122 0.282 4.362 2.35x10 50.95 l
’d 4.0555 0.972 1.572 2.93 0.048 16 '5.112i
Kh 4.873 0.0013 [14.034 14,133 1.25x¥04 102.6
KS 2.0688 3.9944 4.33 3.03 1.63x10 11.56
K7 . 4.8558 6.077 1.1826 Q.79 3.68:~:lO-21 -64.9
[

|
|
:
|
|

1
|
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Table 6.1.34
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Mcocdel Parameters for Iso-0Octane Conversion

L
l.
1
|
!
\
1
|
Rate Egn. (3.1.25)} \
|
Catalyst 0.3%_,Pt/A1203 1
1
Initial quesses : 3 E
Stepsize: 1 |
|
\
i
390°C 400°C 410°C 420°c A ﬁE,AH(Kﬁal/gmol)
ngl " 13& L] \
k,, gCat.h| 1.129 1.679 3.328 3.761 2.8x10 39.53?
gl -z ~67a i
k , gCat.h| 1.362 1.999 0.9228 J&72x10 |2.394x10 -207.2%
. - !
Ky 2.0962 | 2.43 0.897 1.189 1.676x10C -24.85
1
K, 3.2871 | 3.61 0.3865 | 0.0013 |2.0x107’° -234.6
1 |
Ke 3.201 2.38 3.515 3.37 1.27x102* 63.621
) . 4
K, 3,7418 | 1.26 1.5196| 6.78 8.81x10% 149.8 \
|
|
t
"
Table 6.1.35 - E
Model Parameters for Iso—Oétane Conversion 1
Rate Egn. (3.1.27) \
|
Catalyst: O.B%Pt/A1203 {
i
Initial guesses : |
Stepsize: 5 1
. {
#
390°c |400°c | 410°c | 420°c | 430°C A AE, AH(Keal[
@mi
grio 1 ‘ %a |
k,, gCat.h] 1.044 }2.266 2.504 | 2.563 3.97 1.19x10 26.032
\
gmol . da |
k 4 9Cat.h| 2.2557 |1.7 9.396 | 1.672 4.246 | 4.74x10 i1.8
|
Ky - 5.05 1.188 0.5271( 3.1 4.1768| 59.74 4.5?8
: - t
K 5.5665 | 0.689 0.0315| 0.07 0.0279) 1.0x10™>° -60.32
K 1.0915 | 1.067 |37.259 | 1.39 5.1416] 4.87x10%} 35.1i
K, 4,1756 {2.865 {14.351 . 8.55 4.895 | 1.06x10° 13.381
1
|
i

"~
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Model Parameters for Iso-0Octane

Table 6.1.36 . ’ l
Rate Eqn. (3.1.27}
|

Catalyst :0.3%Pt/A1203 ‘
- |
Initial guesses : 3 : i
Stepsize : . 1
390°c | 420°c | 410°c | 420°c | 430°c A laE, AH (Xcal /gmoi )
gmo 1 A & 8a |
k,, gCat.h| 1.554 [2.1265 | 3.126 | 5.0091 3.887 | 8.38x10 - 25.22
gmol : -14 |
k,, gcat.h| 3.91° [ 1.558 | 3.303 | 0.1883| 0.998 1.37x10° 7| -45.3
Ky 0.6957 {'0.613 0.7433] 1.9 0.5573 90 : 6.45
K 1.7046 | 0.295 0.2177| 6.06 0.0594 | 6.24x107 "2 . =341
K 2.4753 1 3.5 3.7383| 0.07 2.3784 | 2.3ax107*2 || -37.02
K, 2.8436 | 3.163 4.268 | 7.74 11.0476 | 2.099 33.39
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Table 6.1.37

351

Model Parameters for Iso-Octane Conversion

Rate Egn.

(3.1.25)

Catalyst : O.G%Pt/A1203,

Initial guesses

e ——

Stepsize:
: | i
‘390°c | 400°C a10°c | 420°¢ a AE,AH(Kcal%gmol)
gmol ) 1ia A
k, Cat.h| 0.934 | 1.477 £.9691 | 2.783 1.38x10 32.716\
cmol ' -3
k, gCat.h]| 3.1978| 9.1294 | 2.690 | 3.1627 | 2.59x10 a -11.314\
Kq 5.0598]12.0776 | 2.0034] 1.7739 | 8.43x107t’ -50.88%
K. 8.07585}|28.81 5.5974 | 6.8005 | 5.336x107° ~19.54
K 4.6793]30.5734 | 6.2763| 3.9666 | 9.36x107° -18.47
K, 8.832 |66.645 | 7.6442| 1.219 | 4.84x10 2> 79.75 |
1
Table 6.1.38
Model Parameters for Iso-Octane Conversion
Rate Egqn. (3.1.25)
Catalyst: O.G%Pt/A1203
Initial guesses : 5 1
Stepsize: 1 : l
390°C | 400°C | 410°C | 420°C | 430°C A AE,AH(Kcal/gmol)
gmol \ 11a \
k ofat.h| 0.942 | 1.601 1.9893| 2.598 4.3533 | 1.62x10 32.904
gmol -14a 1
k, gCat.h| 2.377 | 1.773 2.514 | 2,008 0.2113 | 6.29x10 -43.3
Ky 6.2587{ 3.8301| 3.7344) 1.925 1.5021 | 1.096x1071° -32.83
: {
¥, 6.0054] 3.9552| 6.4961| 8.5187 |12.5416 |2.52x107 20.62
X, 2.2821| 3.595 2.9131) 3.5127 | 3.574 1.235x10° 8.164
K, 6.375 |11.5199] 6.6654] 5-1767 | 1.1577 |2.49x1071? -38.6%4
?

R
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Table 6.1.39
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Model Parzneters for Iso-Octane Conversion

Rate Egn. (3.1.25}
Catalyst: O.G%Pt/A1203

Initial guesses :

Stepsize :
: !
390°C 400°C 4i0°C 420°C 430°C A ! AEAH (Kcal/qmol)
gmo 1 IOa’ .
k Cat.h 1.062 1.577 2.049 2.819 4.0286 .18x10 ! 30.126
19 ‘
gmol 44
"k gCat.h 2.395 4,619 3.607 0.6955 3.068 .34x10 [ -12.886
Ky 2,922 ] 3.8866 | 6.5424 |2.2481 | 3.3342 )0.606 | ~2.41
Kh 6.589 [10.8994 8.4451 | 9.6414 | 6.6146 .216 ; -0.92
I
KS 3.839 4.6259 4.9834 | 3.447 6.8341 .56x103 7.95
K7 6.589‘ 5.6891 0.2115 | 6.8489 0.228 -.84:-:10-2$ -80.44
,E
Table 6.1.40. .
"Model Parameters for Iso-Octane Conversion I
Rate Eqn. (3.1.25) ‘ ' r
Catalyst: O.G%Pt/A1203 !
Initial guesses : 3 ;
Stepsize: 1 !
' i
390°C 400°C 410°C 420°C A AE,AH{Kcal fgmol)
!
cmol 5
x, SCat.h | 1.096 | 1.828 | 2.247 | 2.769 | 3.05x10 I 27.378
gmol -18a i
k2 gCat.h 1.611 0.706 0.894 0.201 4,756x10 [ -54.9
Ka 2.455 4.0072 2.1407{ 2.8419 0.797 ! -1.694
Kh 3.050 1.2559 5.0695] 2.6276 1.65x103 8.714 !
KB 2.3633{ 1.1968 2.6567] 3.4059 7.06x10 17.16
x7 4.499 4,3649 | 1.8189] 0.6475 5.707x10—20 -61.13
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Table 6.1.41
Model Parameters for Iso-Octane Conversion

(3.1.27)
Catalyst: O.G%Pt/A1203

Rate Eqgn.

353

~

Initial guesses : 5 f
Stepsize : 5 [
!
390°c | 400°c 410°c | 420°cC A AE, AH(Kcal/gmol)
, _ ﬁ
EE&— _ l4a ﬁ
k, gCat.h| 1.221 { 2.132 2.843 | 5.4 6.18x10 4&'54
ol | 10a
, gCat.h| 3.124 f 1.647 1.615 | ©9.826 5.5%10 30.664
Ky 1.4157| 0.1683 | 4.8142| 0.6857 3.054x10° 1#.96
4.7713(17.2076 | 1.8429(32.6045 | 1.29x10%} 31.8
K 0.0055| 2.9149 | 0.040e| 0.1389 | 1.4ax1071° —%8.53
Ky 21.5592( 2.3788 | 11.8435] 9.4566 | 0.017 j8.45
b
I
Table 6.1.42 ' |
Model Parameters for Iso-Octane Conversion J
Rate Egn. (3.1.27) ]
Catalyst: 0.6%Pt/Al,0, }
Initial guesses : ;
Stepsize: .
J
) !
390°C | 400°C | 410°c | 420°C A AE,AH(Kcal/gmel
gmol _ 14a [
k gCat.h| 1.586 | 1.794 2.396 | 3.606 4.07x10 ' 42.93
gmo 1 _ a . .
k) gCat.h| 3.532 | 7.155 | 1.564 | 4.737 | 0.115 | -6.08
Kg 0.4270]13.4974 { 0.6034| 3.5104 6.58x10° [ 29.8
K, 1.424G| 0.4801 | 0.4240] 1.1243} 1.68x10 > | -8.28
Kg 3.5209{ 0.4115] 2.2787| 1.3900 7.51x10" [ -10.268
X, 2.6967] 5.5961 | 5.3525{ 1.4623 1.53x107° | -16.646
' |

—_— .




Table 6.1.43
Model Parameters for Iso~Octane Conversion

Rate Egn. -

Catalyst: 0.6%Pt/Al,0,

{(3.1.27)
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Model Parameters for Iso-Octane Conversion -

Rate Egn.

(3.1.27

)

Catalyst: 0.63Pt/Al,0,

Initial guesses

Initial guesses : 3
Stepsize : 1 {
}
390°C | 400°c | 410°C |420°C A AE, AH {Kcal/gmol)
EEEL— | 1la ;
k, gCat.h| 1.357 }1.804 2.734 )4.115 5.3x10 34,34 |
gmol . iOa
k, gCat.n| 1.052 [0.175 | 1.136 |1.847 | 4.15x10 32.1
K 2.3213 | 1.5606 | 0.5039 |0.6557 | 1.57x107 ! -33.93 x
K, 7.2931 | 5.4896 | 0.2721 |0.9094 7.33x10 28 -85.47 |
K 0.6274 [ 0.1714 | 5.4167 |2.6364 | 3.32x10"’ 55.12 |
K, 2.3672 | 3.527 | 2.6481 |[1.7912 | 1.47x107° . -10.047
!
|
! ﬁ
Table 6.1.44 | {
|

Stepsize: 3
I . 'l
i
390°c | 400°Cc | 410°C A AE, AH(Kcal/g#ol)
' 1
gmol ‘ 14a - I
k SCatin| 1.393 | 2.682 | 3.494 | 1.69x10 40.79 ,
gmo L : 2 l
k, gcat.n| 0.314 | 0.8083 | 0.528 | 6.35x10 23.72
#, 0.4785| 0.6427 ] 0.1669] 1.14x107 % -47.25 f
| _ o , |
X, 0.1574| 1:4362{ 1.2508] 1.38x10°° 93.9 |
. | ’
K 0.36111.6.7751 | 0.8681] 5.75x10%° 52.4 ;
K, 0.28364 3.6820| 9.6520| 6.32x10°" 159.49 !
|
|

L I
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3 MCP Kinetic Modelling Results . :
The mechanism«ﬁsed to obtain the rate equatiOnS}were
-

1.

derived on the ba51$ of the reaction network proposed|below

il o 1
!

by this author.
By |
f
|

, ‘ =
-

MCP —_— '

- ‘\\\\ V// cH !

|

, ' !
- |
f\ : ‘ ZCG |
E |

o . |

|

o

/

£ ¥

&

-'%
’h-‘ s

F . .
|

This network is similar to that proposed by D%rtlgues

except that here the formation of ?ydro—
/

genolysis products was taken into account
: ]
Eleven rate models were developed and tested.|[SiX
f

et al34

out of the eleven models satisfied the set criteria when
|

P. The

atalyst was used in the conversion of MCP

Pt/21,0, cat
- 81X te equations that fitted the experimental data
(conversion - W/F data) obtained at 0.092 atm MCP partial
]
pressure are: ;
i
F

Rate equation (3.1.44)

[MCP] - k [CH] [H,] |
r, = K8K7 X3 !
- - _ 1
1 + K, [ucp] + 5] . [cm , _lcHl |, IBz]
Ki1KgKy RgKqlH,l Kg f K10
. lZcg) . [Ecg] /



%

)
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- products as the rate determining step.
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The rate model is based on the dehydrogénation of

adsorbed methylcyclopentane as the rate determining step.

2. Rate equation 3.1.46

k Kde[MCP]

7 kalzcsl ‘ _
(H, ] KK (A, 3.1.46
_ , 11762 T
1+K1[MCP] + K2K1[MCP] , [CHI] , IcH] .
K
[H,] -K8K7[H2] 8
[eCc.1 - [zCc.]
FBE Y FETEm Y X,
10 117672 1

The rate model is based on the conversion of adsorbed

methylcyclopentene to adsorbed clefinic hydrogenalysis

3. Rate equation 3.1.48 ' !

| k., lzC,]
Ky RgKKy tuczd = f12 7%

11

3.1.48

r =
¢ 14k, tcp) + K2 MCP1 - e , _lcal
(H,] KoK, [H,] Ky
| :
 z) |, KeKgRylucRl o Dacg]
K. - [H,] K
10 2 11

The rate model is based on the hydrogenation of adsorbed

olefinic hydrogenolysis products to adsorbed hydrogenolysils

products as the rate - determining step. - o ;

Tea
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4. Rate Equation 3.1.49 I

|

k14[CH] :

k13K3K2K1[MC?] - X 1.1.49

r, = K. K. [MCP] K. [IC.] _
7 1+ K1[MCP]+ 2[; ] + 5 6, (CH]
2 K11K6[H2] 8

L]

[Bé] [zc6] [zc6] »

K R K. (H.]
10 KyqKg tHy K4

The rate model is based on the hydrogenation of adsorbed

cyclohexene to adso;bed cyclohexane as the rate - deterﬁining

step.
5. Rate equation 3.1.50.
315K7K3K2K1[MCP] - K16[CH]
r =
8 1 + K, [MCP) * KK, [MCP] Ko [ECg]
7S
[H, K11 Ke
KK, [5C] (Bz] [zC¢] [2Cgl
K;; g * Ky K1q1Ke lHy K1

The rate model is based on the desorption of hydrogenolysis

products as the rate - determining step.
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The predicted rate and adsorption equilibrium cons-— |
tants of MCP conversion on Pt/A1203 catalyst at variocus /

temperatures using the six model eqﬁations that satisfied

|
|
the set criteria are shown in Tables 6.1.45 - 6.1.68. Tables

6.1.45 - 6.1.50 show the values of the predicted rate and
adsdrption equilibrium constants using rate equation (3.1.%4).
The computed activation energy for the forward reaction

varied between 10-28 Kcal/gmole for different initial guesses

and stepsizes. According to the mechanism for the aromati
Lv),

zation of MCP propoéed in Chapter 3 section 3.1.2 (Scﬁeme

the first step is adsorption while steps 8, 10 and 11 are!
desorption steps. Since adsorption is exothermic and desorp-
tion endothermic the a@sorption and desorption energieS'aFe

negative and positive respectively. Table 6.1.69 shows the
l

extent to which these kinetic and thermodynamic criteria{were
l
met using equation (3.1.44). Table 6.1.51 - 6.1.54 show the values|of the
. ) 1 - |
predicted rate and adsorption equilibrium constants using rate equation -

(3.1.46). The activation enercies obtained using different initial guesseé

|

and stepsizes ranged between 17-36 kcal/gmole except at jini-

: |
tial guesses of constants 5, stepsize 5 (Table 6.1.51) where
' l

the activation energy was 50Kcal/gmole. Table 6.1.70 shows

the extent to which the kinetic and thermodynamic critefia

Tables 6.1.55.{

6.1.59 show the values of the predicted rate and aﬁsorﬁtion
l

were met using rate equation ({3.1.46).

equilibrium constants using rate equation ({3.1.48). Tﬁe

activation energies varied between 15-41 Kcal/gmole. Téble
I

6.1.71 shows the extent to which the kinetic and Ehermpj

!

,was
1
[ =

|

dynamic criteria were met when rate- equation (3.1.48)
used to evaluate the model parametefs. Tables 6.1.59

l
I
|



359 :

{

| | r‘

6.1.64 show the values of the predicted rate-and /
- !

|

adsorption equilibrium constants at various initial guesses

f
- i
and stepsizes using rate equation (3.1.49). The activation ;
energies obtained with the different initial guessesrand
stepsizes varied between 16 - 35Kcal/gmole. Table 6.1.72

shows the extent to'which the ‘kinetic and thermcdyvnamic
(3.1.49) for model

parameters evaluation. Tables 6.1.65
values of the predicted rate and adsorption equilibrium
constants at various initial guesses and ‘stepsizes using

!
i

I
!

i

!

I
I
[
!
criteria were met using rate equation |
!
- 6.1.68 show the ;
{

!
!
!
;
rate equation (3.1.50). The activation energies obtained f
!

}

with the different initial guesses and stepsizes ranged

I3

tants 1, stepsize 3 where a value of 1.7Kcal/gmole was deﬁer—
Table 6.1.73 shows the /

between 14-29Kcal/gnole except.at initial gquesses of cons-

!
H

P
re

i

mined as the activation energy.
extent to which the kinetic and thermodynamic criteria we

met using eguation (3.1.50) to evaluate the model parameters.
!

It can be observed from Tables 6.1.69 - 6.1.73 that all the
!
!

ate

I

kinetic and thermodynamic criteria were met only when r
equation (3.1.50) was used to evaluate the kinetic parameters
at initial guesses of constants 5, stepsize 1. ;
Figures 6.1.8 and 6.1.9 show the experimental and;
Rate equatiq%v
éuesses

predicted conversion versus W/F profiles.
i

(3.1.44) was used in predicting conversion at initial
of constants 5, stepsize 5 in Figure 6.1.8 while in Fiéure

6.1.9 rate equation (3.1.46) was ‘used at initial guessgs
’ !
The figures show that the#e are

of constant 5, stepsize 5.
reasonably good fit between the experimental and predicted

!
f
!
!
!
I
|

values.
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Using Pt-Re/A1203 (Dried) catalyst, only two out

|
|
|
|
of

the eleven models satisfied the set criteria and they‘aﬁe:

1 Rate expression of equation (3.1.48) l
ki K KK, MCPT - k12[2c6] i
. [, ] |
6 :
. K,K_. [MCP]
T K CR] ¢ R T R
' 2 87" "2 8
. B21., KKK, [MCP] , (IC¢)
K10 [T K11

The rate model is based on the hydrogenaﬁion of adsorbed

olefinic hydrogenolysis products to adsorbed hydrogenolysié

products as the rate - determining step.

2

Rate expression of equation (3.1.49)}

k,KqK, K, MCPT =k, ,(CH]

Ké

KK, MCPL_ | R [IC gl
1o Ky BCE) RPN S o

[cui , (Bz] , LG , [EC!

Kg Kio K 1Ko [H,] K, \
|
|
|
|

11

The rate model is based on the hydrogenation of adsorbed
cyclohexene to cyclohexane as the rate determining step.

It is important to note that both eqns.(3.1.48) and

_;13.1.49) are -among the five rate equations that were shown

|
e - |
. - \ |
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£o predict QCP conversion. on Pt/A1203. Since the clnstant
activity kinetic behaviour of the bimetallic Pt—-Re/A"lZO3
catalyst is not expected to de&iate from that of the mono-
metallic Pt/Al,0,, it becomes very éignificant that |rate
equation (3.1.49) is the only one of the five rate équations
that satisfied all kinetic and thermodynamic criteria. It
will thus be interesting to see if the same rate eéu?tion
atﬁaips the sgme status for Pt/Re/A1203. \

| The predicted rate and adsorption equilibrium_éonstants
on PtfRe/A1203'(DRIED) catalysts are shown in Tablesiﬁ;1.74
and 6.1.75 for rate equation (3.1.48) and Tables 6.1%?6 and
6.1.77 for rate equation (3.1.49). The computed activation.
energy obtained using rate equation (3.1.48).is'21.8Kcal/
gmole using initial guesses of constants 5, stepsize |5 and
23.1Kcal/gmole using initial guesses of.constants 3, Ftepsize
3. Table 6.1.78 shows the extent to which the kinetic| and
thermodynamié criteria were met using rate equation (B.1.48).
The computed aétivation energy obtained using rate equation
(3.1.49) is 43.7Kcal/gmole using initial guesses of constants
3, stepsize 3 to evaluate the kinetic parameters. Table
6.1.79 show the extent to which the kinetic and thermgdynamic
creteria were met. It can be seen from Table 6.1.78 and
6.1.79 that not all the thermodynamic criteria Qere met when
the rate equaﬁions 3.1.48 and 3.1.49 were used to evaluate
the kinetic parameters of the reaction of MCP on Pt—Re/A1203

(DRIED) catalyst. This contrasted with the case for the

Pt/Al203

rate equation (3.1.49). \

|

catalyst where all the criteria were met for rhe
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mental and predicted conversions versus W/F profiles obtained
f

362
Figures 6.1.10 and 6.1.11 show the plots of experi-

The prediction of the

using each of the rate equationé.

{
conversion on this catalyst is not as good as the predictioh
f

obtained for the conversion of MCP on Pt/A1203 catalyst

(See Figures 6.1.8 - 6.1.9).

[
i

[

r

|

<t

3

|



‘Table 6.1.45

Model Parameters for MCP Conversion
Rate Eqn. (3.1.44)
Catalyst: 0.3%Pt/A1203

Initial guesses

Stepsize:

370°C 380°¢C 400°C a _:QE;AH(Kcal/gm%l)
gmol ., .ba . l
gCat.h 1.032 1.036 1.946 7.46x10 19.62
gmol [
k,gCat.h 3.918 3.759 4.893 7.3898 0.04 J
K 4.2454 | 4.1988 | 3.6751 0.1353 -4.44 -
X, 7.6696 | 7.3166 | 7.5392 6.166 -0.24 (
K, 7.2008 | 7.9304 | 6.9838 2.347 -1.5 :
Ke 7.5094 | 8.3867 | 8.0787 27.605 1.62 |
K, 7.7411 | 7.7106 | 7.7929 | 9.189 0.224 |
Kg 5.4224 |.5.9074 | 4.9260 0.39 -3.448
K, q 6.6212 | 5.8074 | 5.5148 0.142 -4.9 J
Ky 6.1232 | 4.8027 | 5.5654 1.655 -1.56
’ i
|
Table 6.1.46
Model Parameters for MCP Conversion J
Rate Egn. (3.1.44) -
Catalyst: 0.3%Pt/A1203
Initial guesses :
Stepsize:
370°C 380°¢C 400°¢C A AE,MH (Kcal/gmol)
gmol : 9a
k,gCat .h 0.723 0.91 1.869 4.01x10 28.1
gm;ol_
k,5Cat.h 3.477 3.529 3.32 2.024a -1.52
K, ' 4.7394 | 4.4814 | 3.7058 0.016 -7.29
X, 6.7530 | 6.8330 | 7.4295 54,598 2.69
K, 6.2382 | 5.0179 | 6.6251 30.508 2.07
Ke 6.2743 | 6.3405 | 6.2753 6.031 -0.056 !
X, 6.8169 | 7.02 7.684 105,95 3.52
Kg 5.711 5.06 4.2317 140.752 -8.6
Ko 5.8857 | 5.1663 | 5.4093 1.315 -1.87
K, 4 6.2215 | 7.6636 | 5.6326 1.217 . -2.0
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Table 6.1.47.?
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Model Paramet:irs for MCP Conversion

Rate Eqn. (3.1.44)
Catalyst: 0.3%Pt/A120

3

Initial guesses : 5
Stepsize: 1
|
376°C 380°C 400°C A AE;AH(Kcal/gmoi)
Jmol. ‘ ; ' 4a i:,
gCat.h 0.641 0.902 1.08 8.196x10 14.23 t
gmol '
kzgCat .H 3.345 3.437 | 3.265 3.171% -0.894 \
K, 2.6308 | 4.1847 | 4.6634 | 6.706 0.522 E |
Ky 5.1868 | .5.4856 | 5.,2427 5.366 ] 0.014 \
K, 2.75 6.029 6.1824 3.07x10 20.6 1
Ky 5.9618 | 6.2187 | 5.5043 0.748 -2.7
X, 6.9427 | 6.2042 | 5.9472 0.267 -5.16 \
Kg 5.0421 4.0477 { 5.2650 34,124 2.586 }
K g 5.6356 5.8049 | 5.5019 2.818 -0.91 \
X4 5.3578 5.6275 | 5.3748 4.735 -0.184 \
L 1
\
Table 6.1.48_ | \
Model Parameters for MCP Conversion \
Rate Eqn. (3.1.44) ' ‘
Catalyst: 0.3%3Pt/Al,0, X
Initial guesses.
Stepsize: 3 \
370°C 380°cC 400°C A AE ,AH(Kcal/gmol) \
}%%%%%Th 1.06 1.413 | 1.s65 1.789x10'2 10.4 l
cmol
k4§EEETh 2.487 2.315 2.313 1.0952 -1.83
K, 2.1709 1.9792 | 3.898 3.78x10° 18.644 \
Ky 4.5097 | 4.5266 | 5.3109 | 222.739 5.046 \
K, 4.1159 4.1476 | 4.5101 35,588 2.79 | 1
Ke 4.4748 4.8962 | 4.6365 7.294 0.586 1
K, o 4.6874 4,7591 | 4.3085 0.587 -2.698
Kg 3.1418 | 2.8368 | 1.6113 5.425x1Q_7 -20.1 |
L 3.5892 3.247 2.5082 1.01x10™° -10.528 E
X, 3.3674 3.5150 | 3.4186 4.047 0.216 &
t
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Table 6.1.49

Model Parameters for MCP Conversion

Rate Egn. (3.1.44)

Catalyst: 0.3%Pt/A1203

Initial guesses : 3

Stepsize: 1

370°c igoecC 400°C A AE,AH(Kcal/gmol}

gmol ' 12a

ggCat.h 0.624 1.981 2.074 1.978x10 36.362
gmol _

. kagCat.h 1.981 2,011 2.176 33,5154 2.84
Kl - 2.5608 2.7280 | 2.2335 0.077 -4.566
K3, 3.1365 3.0659 4.6454 4.16x104 . 12.3
K4 3.6241 3.5752 2.3719 1.376x10 ~13.16
KG 3.6124 3.6889 3.6125 3.32 -0.12
K7 4,0538 4.1316 4.5262 52.72 B 3.1
KB 3.1328 3.0919 2,2125 7.99x%10 -10.7
KlO 3.4082 3.2661 2.7604 0.026 -6.28
K11 3.5161 3.4036 2.1206 1 2.239 15f46
Table 6.1.50
‘Model parameters for MCP Conversion
Rate Egn. (3.1.44)

Catalyst: 0.3%Pt/A1203
Initial guesses : 1
Stepsize : .5
370°C 380°C 400°C A AE,AH(Kcal/gmol)i
gmo 1 4a
J%gCat.h 0.974 1.073 1.454 1.78 x 10 11.838
gmal . : _35a
k,gCat.h 1.224 2.048 0.047 3.23x10 104.1
Kl 1.1205 2.0501 2.7430 1.998x108 24,28
K3 2.3416 1.8901 2.0586 0.253 » -2.77
K4 2.3416 |. 2.7584 1.6633 1,368x10 =11.53
K6 2.3416 2.4750 3.4354 1.796 . 11.55
K7 2.3416 3.4946 3.8590 7.218x10 13.17
Xg 2.2371 | 1.7319 ] 3.4243 | 1.673x10° 14.65
KIO 2.3416 1.1733 1.7586 0.0395 2 -4.93
Kll 2.3416 :9:§6§? 0.2152 2.164x10 -64.84
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Table 6.1.51

Mod=2]1 Parameters for MCP Conversion

Rate Egn. (3.1.46)

Catalyst: 0.3%Pt/A1203

Initial guesses

366

————— _ -

Stepsize: r
|
370°C 3é0°c 400°C a AE,AH(.Kcal/ngl)F
gl |- 17a | ‘
K gCat.h 0.836 1.026 4.401 1.262x10 50.27
N aqmol ) 10a !
oCat.h 4.443 4,34 11.1 2.98x10 28.47
K, 5.829 5.437 | 14.9 4.247x10"° 29.424 J
K, 4.2445 | 4.605 | 2.9 3.36x10'44 -12.26 |
K 6.56 8.409 5.44 1.799x1?28 -13.92 !
K, 5.185 5.895 0.367 9.77x10 -82.676 (
1% 9.177 8.5 7.79 0.247 s -4.63
Ko 4.824 6.97 0.0038 5.78x10 -223.4 !
Kiq 6.13 5.87 ;11.01 8.93x10° 18.38 !
5
|
Table 6.1.52 !
Model Parameters for MCP Conversion ,
Rate Egn. (3.1.46) f
Catalyst: 0.3%Pt/A1203 !
Initial guesses : !
Stepsize : l
|
379°C 380°C 400°C A AE,AH (Kcal/g%ol)
gmol 12a
kgCat.h 0.818 1.223 2.836 2.55x10 36.2
gnal
kygCat . h 3.664 4,165 3.001 0.0342 -6.9
K, 5.5438 1.83 4.52 3.625. s 0.016
K, 4.7566 3.147 1.245 2.914x10 -39.15
K '6.577 5.36 1.25 8.166x10717 -50.27
K, 5.488 5.32 6.14 91.56 3.658
K 7.477 - |10.15 5.7 3,28x107° - 10.16
Ko 6.126 6.28 6.154 6.19 0
K, 6.31 7.4 12.27 2.73x10° 19.69
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Table 6.1.53

Model Parameters for MCP Conversion

Rate Egn. (3.1.46)
Catalyst: O.B%Pt/A1203
Initial guesses :

Stepsize :

370°C 380°C | 400°C A AE,AH(K;al/qmol)r

ol ' - ' 6a .

K gCat.h 1.356 1.842 | 2.499 1.67x10 17.17

| gmol, -6a

kgacat.h 1,602 2.526 | 0.935 1.205x10 ~19.2

<, 2.4 2.23 1.68 8.144x10™% -10.3

<, 1.43 1.35 5.77 5.62x1004 -43.5

Kg 6.34 5.2t 9,32 1. 4x10° 13.04

o 3.183 2.947 | 9.246 5.23x10%} 33.44

K, 6.21 5.3476 | 1.342 1.35x10" 12 -46.5

X, o 3.67 3.5343 | 3.6125 | 2.936 » -0.27

K, 4.08 '4.0147 | 0.0658 | 5.68x10 ~127.68

Table 6.1.54

Model Parameters for MCP Conversion

Rate Egn. (3.1.46)

Catalyst: 0.3%Pt/Al, 0,

Initial quesses : 1 ‘

Stepsize : 5 f

37C°C 380°C 400¢cC A AE,AH(Kcal/ngHB

MT . 8a |

k_gCat h t.068 1.243 | 2.382 2.35x10 23.97 j
gmol . _4a

k. gCat.nj 1.458 | 0.761 0.902 4.168xlg -11.036 |

K, 1.437 1.528 2.50 - 6.34x10 Y 16.788 ’

X, 3.745 4.098 | 2.53 2.147x10 -12.68 . ]

Kg 2.1471 | 0.832 1,49 0.016 B -5.89 |

K, 4.08 2.9266 | 2.47 9.37x10 -13.65 [

Kg 0.291 0.1061 { 1.254 2.5x10127 50.97

3 0.029 1.8879 | 2.49 2.88x10 104.06 ‘

Ky 3.321 2.696 | 2.45 5.3x10 > -8.226 ‘
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Table 6.1.55

Model Parameters for MCP Conversion
Rate Egqn., (3.1.48) _ .
Catalyst: 0.32Pt/Al,0 ‘

Initial guesses. ’ : ‘ =
Stepsize : 5 |
‘ !
L 370°C | 380°C | 400°C A 8E, 48 (Keallguol)
kllgzzi.h 0.815 1.034 |2.543 3.91x10' 12 33.87 |
-k12§%§%75 4.677 4.424  |5.736 1.45x1077 6.636 |
3  6.1523 | 5.6262 |4.3134 | 1.795x107° -10.488 ﬁ
K, 5.4588 | 5.8861 {4.2722 | 0.011 -8.018 |
X, 4.4158 | 4.3444 [1.5455 5.78x10;11 -32.42 E
3.1976 | 4.4661 [5.4798 | 3.32x10 14.778
Ky o . 8.8243 | 8.6930 [0.1483 | 265.87 | 4.4
%0 7.713¢ | 6.7398 |6.8269 | 0.7153 3 -3.0 |
%,y 7.5935 | 7.5446 [5.4960 | 3.396x10° . =9.97 :'
| | ;

|
Table 6.1.36 l
Model Parameters Zoxr ICP Conversion :
Rate Egn. (3.1.48) ' |
Catalyst: O.S%Pt/A1203 ‘ i

Initial guesses : 5 l
Stepsize : 3 E
‘

370°¢C 380°c | 400°C A AE, AH (Kcal/quol)

e :

gmol : : 13a ll

¥, gcat:y 0.74a | 1.102 J2.976 | 7.3 x 10 10.68.
gmol | | ‘ i

hyp gCAEH  3.477 1 3.702 | 3.429 3.3872 o ~0.77 |
K, 5.5744 | 5.0321 | 2.0286 | 2.616x10 ~30.72 ‘
K, 5.0554 | 5.5138 | 3.0557 | 9.42x10” - ~20.224 %
%, 5.1404 | 4.3602 |1.3176 | 7.95x10 ~41.06 |
K, 6.1746 | 5.7853 |6.9359 | 131.76 - 3.99 |

Ky 7.2227 | 7.5316 | 7.8881 | 50.09 . 2.486

<, 6.1103 | 6.1952 18.716 | 1.142x10 55.07 \
<, 6.3450 | 6.5686 {1.0719 | 6.83x1012 40.65 1
S | 1
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Table 6.1.57
Model Parameters for MCP Conversion

3 Rate Egn. (3.1.48)
Catalyst: 0.3%?t/A1203
Initial guesses : 5
Stepsize _ : 1
370°¢C 380°c | 400°¢C a AE,AH (Xcal /grol)
) gmol | | .
k , gCat.H 0.831 0.973 1.729 3.215x10 21.7
cmol
Ky ,GCat.h | 2.819 3.261 3.102 28.933a 2.13
K, 5.2785 | 5.3594 |5.1196 1.861 -1.348
K, 5.3484 5.3425 |5.4199 | 21.585 .1.83
K, 5.0543 4.8892 |5.0466 | 105.00 4.064
K, 4,3276 | 6.5533 | 5.2858 | 0.049 -6.3
Kg 6.4305 5.9477 | 5.8189 0.719 -2.8
K g 5.5983 5.0541 | 5.4457 | 4.397 -0.26
Ky 6.0173 5.4774 |5.5273 |-1.153 -2.09
-
'Table 6.1.58
Model Parameters for MCP Conversion
Rate Egn. (3.1.48)
Catalyst: O.3%Pt/A1203
Initial guesses
Stepsize
. 370° 380°¢ f 400°C A | AE,AH(Kcal/gmﬂa)
/"—:\ gmol ‘ Sa
- ky 1 GCat.n 1.134 1.842 | 2.008 2.63 x 10 14,93
gmol ‘
, |p6Cat . h 2.665 2.78 3.087 140.19a6 4.29
K, 3.7672 2.9470 | 0.63 2.24x10 17.23
K, 3.0311 2.2292 | 2.59 0.242 3.01
K, 1.8624 1.3520 | 5.1 1.981 s 33.02
%, 3.4816 | 3.5343 [14.17 1.274x10 . - 43,38
Xg 5.4233 5.3476 | 0.79 5.4 x 10720 —59.3/‘
X, 3.8971 | 4.0147 | 0.446 1.03x10722 _67.288
0 % 4.2263 4.4079 | 2.66 5.457x107° -14 /58
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Table 5.1.59
Model 2arameters for MCP Conversion

é% Rate Eqn. (3.1.48) f
Catalyst: 0.3%pt/ix1203 : |
Initial guesses : 3. i [
Stepsize ER ' |
l
I 370°cC 180°c { 400°C A .AE,AH(Kcalfngl)
guol | lia T
k,,gCat.h{ 0.946 - | 1.231 3.022 7.182x10 34.46 ,
gmol
k,,GCat.n|  1.920 1.989 | 1.607 0.0442 -5.704
~ K, 3.1233 3.1785 | 0.28 2.481x10" 2 | -74.79 |
r 5, 3.5403 | 3.0889 | 2.97 0.092 -4.65 |
» 1k, 2.8861 | 2.8751 | 2.77 1.093 -1.25
K, 3.2851 | 2.9263 | 6.162 1.806x10° 20.13 |
Ky 3.7286 | 3.7578 | 3.77 4.702 0.29 |
Ko 3.4132 | 3.4330 | 1.39 1.52x107° -27.86
|, 3.5001 | 3.4685 | 2.32 1.926%107% ~12.688
Table 6.1.60 [
Model Parameters for CP Conversion l
Rate Egqn. {3.1.49) l
catalyst: 0.3%Pt/Al,0, |
Initial guesses ; : 5 : |
Stepsize : ' ' }
370°C lgoec | 400°C a AE, AH (Keal /dmol)
EEE; | Ta :
k ,9Cat.h|  0.203 0.261 | 0.470 7.199x10 . 24.53 |
gmel : |
k ,9Cat.h|  3.575 3.594 | 4.038 120,422 , 3.73
6.9117 | 6.98 5.2354 | 8.643x10° -8.664
5.8124 5.79 6.1983 27.495 2Lo1ﬂ
'3.8210 | 3.94 3.5733 | 0.68 : -2.25 | -
7.0489. | 7.08 6.4846 | 11.787 0.66 |
7.6121 | 7.48 7.2081 | 2.203 - -1.59
6.0633 | 6.20 |7.2166 | 1.32x10° | 6.93)
6.2560 | 5.72 7.8152 | 1.77x1074 -13.4
5.5806 { 5.75 3.6381 | 4.5x107° ~15.6
| |




Table 6.1.61

Mcdel Parameters for MCP Conversion

Rate Egn. {3.1.49)
Catalyst: 0.3%Pt/AlL,0

3
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|
|
|
|
|
i

Init;al guesses : 5 |
Stepsize : 1 \
.
370°C 380°c¢ 400°C a aE,bH(Kca%/gmol)
gmol ! . 10a | \
k ,gCat.h| 0.184 0.230 | 0.569 7.816 x10 33.72
gmol |
k,,oCat.n|  3.077 3.086 | 3.765 713.37° 6.23
K, 5.4492 5.46 0.1904 7.38x10 >° -103,4[
X, 5.0114° | 5.09 8.8993 | 4.386x10° 1769
X, 4.6152 | 4.47 5.9993 | 2.79x10° 8.3 !
K 6.7974 | 6.73 7.1299 | 22.109 1.5 t
K, 5.9334 | 5.8 7.1843 | 632.70 6.054
Kg 5.7410 | 5.896 | s.6291 | 3.232 -o.ssl
X4 5.8455 | 5.93 4.7471 | 0.038 ; -6.53 |
K, 5.8218 | 5.75 3.0729 | 1.4x10°° -19.7 [
|
|
Table 6.1.62 [ _
" Model Parameters for MCP Conversion l
Rate Egn. (3.1.49)}
Catalyst: 03%Pt/A1,0, ‘
Initial guesses- : i
- Stepsize : l
i
370°C 380°c | 400°cC A | ﬁE,AH(Kcal/g#ol)
gmol ba
), ;9CaE R 0.474 0.527 | 0.885 1.819x10 18.75
gmol
kjpoCat-h|  2.679 2.455 | 2.887 37.94 2.65
X, 4.0985 | 4.1719 | 3.8221 | 0.726 ~2.248
K, 3.1559 .| 3.3158 | 2.996 0.759 -1.87
K, 1.9624 | 2.1141 | 2.4450 | 1.237x10° 11.44
Kg 5.0823. | 5.1194 | 6.0462 | 314.82 5.236 \
X 5.5857 | 5.8398 | 6.1192 | 41.43 2.57
g 6.5345 | 4.5382 | 4.7152 | 0.0115 -8.026 l
X0 4.0524 | 5.5277 | 4.6337 | 28.76 2.37 \
K 4.4184 | 4.3984 | 4.3599 | 3.235 ~0.402 |
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Table 6.1.63 _ ;
Model Parameters for MCP Conversion |
|
.f
|
|
!

;
Ra v
b .
Rate Egn.- (3.1.49)
Catalyst: O.B%Pt/A1203
Initial guesses : 3
Stepsize
370° 380°C 400°C A - AE,AH(KCal/gﬁol)
=N | . . |
kiBgCat.h 0.353 0.675 0.954 1.057x10 27.09 ’
gmol
-~ } #l4gCat.h 2.202 2.728 2.856 884482 6.838
’ K, 3.4023 | 3.6450 | 1.3402 5.34x10" 10 29.25 |
\ K, 3.1823 3.8162 2.1878 | 1.97x107% -12.64!
K3 2.5945 1.7144 2.8638 144.89 o 5.41%
K5 3.7131 5.3423 1.9898 2.82x10 . -21.391
K6 %.3821 4,3339 3.0380 0.057 ; —5.48[
Kg 3.5004 | 4.1558 | 5.0015 9.045x10é 10.08:
KIO' 3.9409 0.3907 5.6524 2.364glo 24.35?
ey K 3.4143 | 4.432 0.6741 | 1.64x107%’ -51.73
4 J f
Table 6.1.64 ‘ !
Model Parameters for MCP Conversion (
Rate Eqn. (3.1.49) | l
Catalyst: 0.3%Pt/Al203
Initial guesses : _
Stepsize . . 3 . !
37g°c | 380°C 400°C a AE,AH(Kcaé/gmol)
gmol 5a
kiBgCat.h 0.863 1,112 1.501 3.29x10 15.%9
gmol -15a R
\ ‘ k; 4CCat.h 1.017 0.685 0.224 1.66x106 744.?68
Kl ' 1.1535 0.2146 1.6538 5.47x10 20.?54
K2 2.1357 3.4953 1.8804 0.014 -6.752
K3 1.8235 2.1545 2.8203 3.24x104 12.$7
K 1.7814 | 0.6964 1.0936 6.48x10'47 -9.#6
| KG 2.,7101 3.2411 0.8027 3.983x1013 —19.?38
£ Kg 0.4737 1.8066 2.2402° | 3.106x10 40./486
KlO 0.0302, 1.7802 0.1092 5336:}:104 16]538
K 3.0295; | 1.400 1.4260 9.91x1g:f —18?93
|
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Table 6.1.65 .
Model Parameters for MCP Conversion
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|

|
|
|
|
'\
|

Rate Egn. (3.1.50)
Catalyst: O.B%Pt/A1203
Initial guesses i
Stepsize : \
370°C 380°¢C 400°cC A AE,ﬁgﬁKcal/gmol)
gmol 8a i
k15gCat.h 0.045 0.046 0.116 7.017x10 29.556
gmol _ |
k16gCat.h 4.032 4.176 4.26 24.0712 ¥1.48
Kl 6.4289_ 6.0873 6.24 3.908 10.616
K2 5.7246 6.0071 5.61 2.801 10.95
K3 3.8037 3.6316 3.29 0.143 -ﬁ.226
K5 5.3303 5.2805 4.97 1.026 —?.126
K6 8.4057 8.5049 8.5 10.444 0.274
KI 4_3354 4.1569 4.1 1.318 -%.518
K10 ©6.8356 6.8945 6.96 10.155 q.504
L 6.8808 | 6.8825 7.3 28.247 1.824
i
|
Table 6.1.66. ‘
Model Parameters for ICP Conversion E
Rate Eqn. (3.17.50) l
Catalyst: 0.3%Pt/A1203 l
Initial guesses : 5 [
Stepsize 1 |
370°C 380°C 400°¢ a AB,AH(Kc%lfgmol)
' gmol 3a é '
kjgoCat.h | 0.047 0.0474 0.074 4.372x10 13.99
gmol La |
kygdCat.h { 3.50 3.492 3.508 | 7.015 o.ﬂse
K1 5.8704 5.8638 5.82 22.646 -0;%64
K2 3.6091 516509 5.6 5.265 -0.0F4
Ky 4.3037 | 4.3619 | 4.28 3.923 -0.114
KS 5.5165 5.4704 5.54 6.322 0.1?
K6 7.44%0 7.4978 | 7.34 5.936 —0.2?
K7 4.8699 4.8183 4.9 5.894 0.232
§
KIO 5.9651 5.9252 5.96 5.898 0.0QB
K 6.4747 | 6.5237 | 6.52 7.389 1 0.17

—




Table 6.1.67

Model Parameters
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for _iCP Conversion

Rate Egn. (3.1.50)
Catalyst: O.3%Pt/A1203

Initial guesses 3
Stepsize : 1
_ 370°¢C 380°C 400°C A a gAH{Kcal;gmél)
gmol 5a | .
kggCat.h|  0.152 . | 0.154 0.261 1,036x10 16.56
gmol
k9Cat.h| 1.712 1.733 1.864 | 23.5% 2,57
K| 3.8702 3.7115 | 3.55 0.58 -2.434
K, 3.4442 3.415 3.26 | -0.963 -1 64?
Ky 2.3551 2.5469 | 2.61 19.945 - 2 72?
Kg 4,4246 4.2481 4,22 1.684 -1.23
Ke 3.9618 3.9151 3.8 1.531 -1 22?
K, 2.5656 2.7832 2.93 44,434 3.64F
K o 3.7898 3.9634 3.73 2.164 -0.74F
K, 3.6580 3.648 3.61 2.716 -0.384
|
Table 6.1.68 ‘
Model Parameters for .ICP Conversion :
Rate Egqn. {(3.1.50) )
~ Catalyst: 0.3%Pt/al,0, {
Initial guesses : 1
Stepsize - : 3 [
370¢°C 380°C 400°¢C A AE,AH_(Kcagl./gmol)
gmol r
IESEEEETH 0.805 0.853 0.860 5.818% 1.7
gmol . .
k&6§EEETh 0.977 0.993 0.854 0.07% -4.231
K 1.8292 1.2566 0.877 1.89x107" -20.624
K, 1,7679 | 1.2241 1.25 1.99x107> -8.6!
Ky 1.5666 1.5695 | 1.94 263,22 6.63
K 1.8292 1.8591 1.65 0.143 -3.11
Ke 1.8292 1.8591 1.56 0.0382 -5.01
X 0.8815 | 1.7253 | 3.0 3.22x10%! 34.1
Ko 1.8292 1.8591 1.637 0.082 -3.52
K, 1.8292 | 1.8591 1.49 0.121 -6.4
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Table 6.1.69

Parameters that satisfy kinetic and thermodynamic criteria using rat
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!
i
!
|
!
!
|
|
!
e
]

!
!
!

equation (3.1.44) foir MCP on Pt/A1203 catalvst,
Model Initial wjuesses | Activation| Adscrption| Descrption ene%gy
. and Enerqgy Energy for desorption|steps
Equation Stepsize 8 10 ; 11
1
!
53 ,
+ + + - -
3.1.44 5P :
i !
I
3 l
. I
3 + + - +
|
f
i !
|
5 I
'l
1 + - - -
I
3 !
!
+ - = +
’ i
f
3 -
|
1 + + # -
o |
!
I
1 !
5 + - :— -
!
] A
I
!
+ Parameter satisfies criteria f
!
criteria ;
f
/

Parameter violates

a Initial gueésses of constants; b Stepsize
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Table 6.1.70 .
Parameters that satisfy kinetic and thermodynamic criteria using rate equation

r
%¥L ' 3.1.46 for MCP on Pt/Al_0_ Catalyst ) {
\ 2 -
. . i
f
Model Initial quesses| Activation| Adsorptior| Desorption energy
Equation and Energy Energy for desorpticon Steg§!
St8p51ze‘ q 8 10 11 [
i
5 |
3.1.46 5 + - - - -
3 5 . |
3 + - - + +
3 I
N, 3 + + - - -[
\ . . l
5 . + - + + -,
|
Table 6.1.71 . : ,
Parameters that satisfy kinetic and thermodynamic criteria using rate eguation
3.1.48 for MCP on Pt/A12O3 catalyst. .
. . l
ey Model Initial guesses | Activation |[Adsorption Deéorption energy l
. quatior and Ener Ener for desorption stepls
Stepsize mnergy gy P P,
8 10 11
: |
3.1.4¢ 5 + + - - -
5 ’l
3 + - - - -
[
I
5 .
1 + + + - | - { -
3
3 + + + -~ -
!
3
1 + + + - -
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Table 6.1.72
Parameters that éatisfy kinetic and thermodynamic criteria using rate

equation (3.1.49) for MCP on Pt/A1203 catalyst

a
|
i.

Hodel Initial guesses | Activation { Adsorption | Desorption energy
Equation| - and ‘ . -
Stepsize Energy Energy Ifor desorption step?
I - 10 11
5 . ’
3.1.49 13 + + L+ - -
c ,
1 + + - - -
3 |
5 + + - + i -
3 !
1 + + + + -
1 1
!
3 . + - + + | © -
Table 6.1.73 §
Parameters that satisfy kinetic and thermodynamic criteria using rate
equation 3.1.50 for MCP on Pt/A1203 !
_ i
Model . Initial guesses | Activation| Adsorption| Desorption energy!
Equation and .
Stepsize Energy Energy for desorption steps
8 10 I 11
5 - |
+ + - +
3.1.50 3
|
S H
i + + + +
3
1 + + + -
] 1
‘ 3 + + + .
e, * )
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Table 6.1.74 -

n Mode L Parameters for MCP Conversion
< Rate Eqn. (3.1.48) '
Catalyst: Pt—RefA1203 {DRIED}
Initial guesses ' -5
Stepsize ' : 5
370° '. 380°C a00°c A - |8, aE(xcal/guol)
giel - Ta _
k lg(.:at.h 1.173 2.258 2.691 8.57x10 21.846
gol | 2a
kingat.h 1.977 3.714 2.684 5.61x1011 _ 5.736
-~ K, 4.8464 0.148 7.4125 2.66x10 . 33.796
+ . K2 1.6187 5.4477 5.4259 3'.572x1010 30.196
K, 0.6222 10.1894 3.9486 8.469}(10;3 40.676
K7 5.7607 8.0176 7.679 1.405%10 6.944
KB 8.8167 5.775 8.301 12.219 et 0.64
KIO 18.1056 10.8449 0.0446 | 4.7x10 X -182.96 |
Kll 8.0224 0.6646 6.9471 8.433x10 10.282
5?‘ Table 6.1.75

o

Model Parameters fqr MCP Conversion
Rate Eqn. {3.1.48)
Catalyst = Pt-Re/A1203 (DRIED)

Initial guesses : 3 !
Stepsize : 3 -
370°c | 380°c 400°C a AE,AH (Kcal/qmol)
cmol 8a
k gCat.h 1.191 1.4877 |. 2.621 1.947x10 23.10
E.m_gi_ 8a v,
k12gCat h 1.733 4.699 4.456 4.592x10 _ 23.334
K 0.6306 1.0113 0.859 142,74 6.774
K, 4.0454 " | 2.976 3.3401 | 0.1488 -4.116
K, 3.2694 4,5384 1.8704 | 1.31x107° -19.232
K, 4.1599 2.7195 3.1938 | 0.044 -5.666
Kg 4.4061 |16.9644 2.5623 | 3.676x107° -24.,762
LI 4.2885 0.0727 1.8149 | 0.123 20 -2.50
K, 4,4366 0.9351 '0.4893 | 3.61x10 : -59,06
b
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Table 6.1.76

Model Parameters for MCP Conversion

|
b
1
i}
1
‘.
1
£ - |
N Rate Eqn. (3.1.49) \
* Catalyst = Pt-Re/Al,0, (DRIED) 1
Initial guesses of constants: 5 1
Stepsize 1 0
|
370°¢C 380°C 400°c A AE,AH(Kcal/gm%l)
guol R l4a |
k gCat.h 0.346 0.6316 1.5899 5.306x10 43.688 |
gmol . \
Jk,gCat.h 2.2134 1.909 1.7782 0.0573% -5.9 \
K, 5.1876 | 5.004 1,042 1.254x10" 18 ~49.5 |
K, 6.9368 7.0585 4.3622 9.756x107° -14.464
Ky 4.6722 3.8092 2.061 3.406x1078 -24.14 \
K 4.7634 6.5733 9,041 5.694x106 17.94 1
r
, Kg 6.5905 5.8044 9.6946 1.15x10° 12.704 |
Kg 5,492 6.0344 6.1023 | 46.155 2.706 1
K o 6.2381 | 5.5029 5.054 0.0684 -5.776 \
K, 6.1352 | 5.2967 | 4.0312 | 4.95x107% ~12.132 i
:
0,
% |
' Table 6.1.77 !
Model Parameters for MCP Conversion
Rate Eqn. (3.1.49) \
‘ |
Catalyst = Pt-Re/A1203 (DRIED) \
Initial guesses : 3 ‘
Stepsize : 3 h
- N i
370°C 380°C 400°¢C A AE,AH(Kcal/gmol)E
gmol 10a l
k, y9Cat.h 0.543 1.4696 1.694 1.492x10 "% 29,342 |
smol -24a -
k ,GCat.h 1.84 0.3594 0.137 4,3x10 -70.82
K, 3.3776 1.3647 1.4704 . 3.377310‘7 -20.392 ¢
K, 4.8337 4.8152 4,0549 0.0733 -5.412 1
X, 2.2127 1.7425 1.6748 7.665%10 > -7.208 \
K, 4.8337 | 5.407 8.179 8.945x10° 15.636 |
K 4.8337 | 6.825 7.3423 | 2.56x10" 10.918 |
Ky 2.2881 4.7098 | 4.756 4.47%:0" 18.372
Ko 3.4336 3.6587 3.0815 0.1979 -3.726 E
K, 3.6203 | 3.009 2.4816 | 9.331x107" 10.598 ‘

L~
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- Table 6.1.78 . 1

hfl‘ﬁ

~ ‘.
Parameters that satisfy kinetic and thermodynamic criteria using

1rate
equation 4.1.48 for MCP on Pt—Re/A1203 (DRIED) Catalyst

\
\
- '.
Model Initial guesses | Activation | Adsorption| Desorption energy
ti and ' 5 i &
Equation Stz cize Energy Energy for de orptl?n steps
P 8 10| 11
4
5 S
5 + - + - 1 +
3.1.48
3.
3 * B B B ‘ -
J 1
‘lh
|
. !
1
|
1
: ' \
Table 6.1.79 . ]
o Parameters that satisfy xinetic and thermodynamic criteria using ra%e
" equation 3.1.49 for MCP on Pt—Re/A1203 (DRIED) Catalyst. |
|
1
!
Model Initial guesses | Activation | Adsorption| Desorption energy
; . and Energy Energy , i
Equation Stepsize for desorption éteps
! 10 % 11
> |
+ + - -
1 * |
- 3.1.49 _
i
1
3 |
|
3 + + + - \ +
1
i
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6.2 variable Acuivity Modelling Results
s
' Rates of catalyst deactivation dictate the temperature

and hydrogen pressure at which catalytic reformers operate.

Catalysts which are more resistant to coke are desirable ini
order to permit longer periods between regenerations or to
operate for fhe same time on stream at higher temperatures
-to give greater conversion,‘or to operate at lower pressure?,

thereby favouring the dehydrogenation equilibrium. Thus,

catalyst performance is limited in a direct way by the deac;

tivating characteristics of the catalyst. i

6.2.1 Deactivation Kinetic Parameters From Variable Reactan%

|

Deactivation kinetic equations of the mechanistic tyge
' 50,68

Partial Pressure.

similar to those of Corella and Asua were derived in
Chapter 3, Section 3.2. for ﬁhe deactivation of reforming
catalysts by the formation of coke. Two deactivation models
were derived based on the mechanism that the xeactant is

adsorbed in the same manner in the coking reaction as well

as in the main reaction. The first model was bkased on thet

adsorption or the catalyst surface of the substance that

produces the deactivation as the rate-limiting step (equation

?.2.11): | ' ' !

o+ - K | '!

Vo1 (Pi’ T) _ d A .

The second model was based on coke precusor formation as

the rate-limiting step (equation 3.2.19) [



%)

)
(9

£

n+1 ) _ "
Pm o _ 1 .fEL_.P . _m p il
bor (P T) Kafm %afn 2 kg k] T

3

It will be recalled that n is the number of gas molecules

reécting with the adsorbed molecule to form couke precusor.

The deactivation functions were evaluated from the relationship:
: /

f
/

ina = —¢01{p£ T)¢.

The plots of &na versus time for the reactions studied are

shown in Appendix (), Figures C.1 - C.15. Tables 3.1
oy

0.7 show the values of the deactivation functions :,';01(1?i
. !
obtained from those plots.

The constants of deactivation were evaluated at n=o,/

. E
1 and 2 using the least squares technigue (See Appendix: E)

—

Table 6.2.1 shows the constants of deactiﬁation for iso-octane
at 410°C and P, of 0.5atm and the constants of deactivation

for MCP at 400°C for Pt/Al.0. and 410°C for Pt-Re/Al.0. P
2Y3 2°3 ['n,

of 0.778 atm using the first model. These constants are

positive for iso-octane and MCP at n=o for the catalysts
investigated except for 0.6%Pt/A1203 catalyst which gave negative
values for iso-octane alone. When n=1, positive values were
obtained only for 0.6% Pt/A1203 with iso¥octéne. Thus; n=1
explains the deacﬁivation behaviour for iso-octane onf0.6%
Pt/A1203 catalyst. All the deactivat;oh constants obtained

when n=2, contain negative values for all the catalysts and
reactants investigated. Therefore the fcllowing can be

concluded from the first model:
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' !
{1}.n = 0 predicts the deactivation behavior of iso-octane
and MCP on O.B%Pt/Alz-O3 catalyst at temperatures

between 400° - 410°C.

I
J
%
(ii) n = 0 predicts also the deactivation behavior on (
Pt—Re/A1203 catalyst. In comparison with the 0.3#

Pt/A1203 the constant.deA is about seven times hﬂgher

on Pt—Re/A1203 although Fhe constant KA/dem was about the

— e

same on both catalysts.

The constant of deactivation (deA} for iso-octane {on 10.3%
Pt/A1203) was about two énd half times the value for MqP
while the constant KA/dem is about twice higher for i%o
octtane on 0.3%Pt/A1203 catalyst. !

. Table 6.2.2 shows the constants of deactivation For
iso-octane at 410°C and PH2 of 0.5atm and the constant% of
deactivation .for MCP at 400°C for Pt/A1203 and 410°C #or
Pt-Re/Alzoj at Py, of 0.778atm using the second model{
Simiiar to the results obtained with the first model,gthe
constants are positive for iso-octane and MCP at n=o for the
catalysts investigated except for 0.6%Pt/A1203 cataiyﬁt which
gave negative values for iso-octane alone. When n=1,fpositive

constants were obtained with iso-octane and MCP onlyﬁon 0.3%

Pt/A1203 catalyst while at n=2 only MCP on-0.3%Pt/Al?[O3

catalyst gave positive deactivation constants. It i% important

to note that none of the n values conSi&e;ed gave po%itive

constants of deactivation for iso-octane on 0.6%Pt/%1203

- catalyst, The values of dem' obtained with the se%ond model

at n=o is very similar to deA obtained with the fifst model
{

at n=o. The value of the constants obtained at n=1;using

f
:
i
f
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the second model is much more than the values of the%constants
obtained using MCP.

Table 6.2.1

Deactivation Parameters from Variable Reactant Partiai

|
1
\
\
1

|

Pressure (First Model, Egn. 3.2.11)
410°c 410°C 400°C *410°c
Iso QOctane Iso Octane MCP MCP
n Constants PH2= 0.5atm PH2= 0.5atm PH2= 0.778atm P?2= 0.778atm
O.6%Pt/AlO
2°3 O.3%Pt/A1203 Pt/A1203 Pﬁ Re/A1203
'1
k. K 0.1544 0.44 0.1575 1.102
d A |
o x, |
-25.256 19.18 9.6525 8.9766
k. X 1
d m ‘
I
k, K 10.988 -21.739 -5.,91 -12.66
d m I
. |
: .3.242 4.382 9.009 217174
k.K
d m \
|
i
k -83.32 -100.014 -6.452 —40!24
d m ||I
< | \
0.496 4.2194 2.2831 0.481
k. K \
a m ‘
i




Table 6.2.2

Deactivation Paraneters from Variable Reactant Partia
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Pressure (Second idodel, Eqn.3.2.19)

.z.410°C 410°¢C 400°C 410°C
Iso Octane Iso Octane MCP MCP
n | Co
nstants "7 "0 satm | p. =0.5atm . =0.778atm|[p = 0.778atm
Hy Hy H,y H
0.68Pt/A1,0, 0.3%Pt/A120JO.B%Pt/AIZOﬁO.B%Pt- |
i 0.3%Re/Al,0,
Ky K; 0.1543 0.4407 0.1576 1.1013
0 "
K.+ K -3.9 8.454 1.52 9.89
A m
) i
kK -4.127 16648 6.:97 -4.127
d ' m
1 K, -69.02 322.69° '27.988 |l -69.026
1]
K 488.6 3861.88 128.1525 | 488.64
XK. -42.,034 -711.54 38.73 " ' ~42.034
d'm i
2| ¥, -36.037 -72.648 27.767 1-36,037
n .
K_ 1464.38 ~24836.63 1062.05 i11464,38
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results obtained with iso-octane on 0.3%Pt/A120

i
|
387 *1
. _ ' L
constants. Therefore, it can be concluded from the%results

1

obtained with the first and second models that: |
: |

I

(i} n = 0 does not predict the deactivation b%havior

: Lo 1
of iso-octane on 0.3%Pt/A1203 catalyst at |

. ||
temperatures between 390°C - 430°C using tpe first

model. o \

l
, _ !
(11} n=1 predicts the deactivation behavior of iso-

|
octane on 0.3%'Pt/A1203 catalyst at lower tempera-

ture (390°-410°C) using the first model. k

' l

|

(iii) n=2 predicts the deactivation behavior of iﬁo-octane
on 0.3%Pt/A1203 catalyst at higher temperatﬁre

\

(430°C) using the first model. |
o i

{(iv) n=0 also predicts the deactivation behavior ?f

iso octane on 0.3%Pt/A1203 catalyst at 430°Cgusing_

the second model.

\
l
l
. ‘l
(v) The constants of deactivation was highest at the
i
1
l

lowest temperature.

Using iso - octane on.0.6%Pt/A;203 catalyst (Table F.2.5)
the first model gave positive values for the deactivatio#
No positive v%lue
was obtained at 390°C for any value of n. Similar to th%

parameters at n=2 between 410° and 430°C.

|
3¢ positive

deactivation parameters were obtained with the second modél

_ |
only at n=0 and 430°C (Table 6.2.6). It can be concluded\

that: \
i
i
)
|
|

|
!
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(i} The nodels did not predict the deactivation o

behavior of iso-octane on 0.6%Pt/Al,0, catalyst

at 390°C. 1

- |
(ii) At n=0 and n=1, the first model did not predict
the deactivation behavior of iso-octane dé 0.6%

catalyst at temperatures between [3%90° and

Pt/A1203

430°C | ' i

{iii) At n=2, the first modél‘éredicted the'deéﬁtivation
behavior of iso-octane on 0.6%Pt/A1203 at fempera—
"tures between 410°C and 430°C, The constémts of
deactivation obtained at 430°C were higherﬁthan those
obtained at 410°C. - l
(iv) At n=1 and 2, the second model did ﬁot preéict the
deactivation behavior of iso-octane on O.G%Pt/Alzd3

at temperatures between 390°C and 430°C. 1

{v} At n=0 the second model predicted the deacﬁivation

behavior of isco-octane on 0.6%Pt/Al,0, onl% at 430°cC.

Tables 6.2;7'and 6.2.8 show the deactivation paﬁameters
of MCP from variable H2 partial pressure using Pt/A1£03 cata-
lyst. Table 6.2.7 show that the deactivation parameters
" evaluated using the first model were positive at 390°? and
400°C for n=1 and also at 390°C for n=2.. 4ith the se%ond
model {(Table 6.2.8), however positive deactivation pa%ameters

were obtained only at 400°C when n=1. Therefore, thélfollowing

can be concluded from the results: ]

|



(1)

(11)

(iii)

(iv)

(v)

389 E |

The models did not predict the deactivation

behavior of MCP on Pt/AlZOj catalyst at n=0.

At n=1, the first model predicted the deac¢tivation
behavior of MCP-on Pt/A12_03 at temperatures

between 390°C and 4006C: The values of the cons-
' ' |

tants of deactivation were higher at 400°C. The

deA value was. about 8 times greater at 40P°C while

the KA/dem value was about 6 times greater at

|

At n=2, the first model predicted the deactivation

400°C.

behavior at 390°C only. ,

At n=0 and n=2, the second model did not pﬁedict
the deactivation behavior of MCP on Pt/Alqu at

temperatures between 390° - 400°C. T

_At n=1, the second model predicted the deacFivation

behavior of MCP on Pt/A1203 catalyst only af 400°C.

i

Tables 6.2.9 and 6.2.10 show the deactivation pa#ameters

(DRIED)

Cn of MCP from variable Hy partial pressure using Pt—Re/A1203'

catalyst. Table 6.2.9 show that the deactivation .

parameters were positive at 390°C and 400°C for n=1 and

positive at 400°C for n=2. With the second model (Table

6.2.10), however, positive deactivation parameters wer%

}

obtained only at 410°C and 390°C for n=2. Therefore the

following can be concluded from the results obtained with the

560

first and second models:
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(i) At n=0, the first model did not predict The deac-

tivation behavior of MCP from varlable H% partial

pressure on Pt- Re/A1203 at temperatures Letween

390°¢C and 410°C

(ii) At n=1, the first model predicted the deactivation

behavior of MCP from wvariable H, partial’ pressure
on Pt-Re/A1203IDRIED) at temperatures between 390°C
and 400°C . The value of the constant of deactiva-

tion k 5\15 about twice at 400°C while Qhe constant’

KA/deA is about the same value at both}temperatures.

(1ii) At n=2, the first model predicted the deactivation

behavior of MCP on pt—Re/A1203(DRIED)-only'at 400°C

(iv) The first model did not predict the deactivation

behavior of MCP from variable H, partial pressure

at 410°C.

(v) At n=0, the second model predicted the deactivation

behavior of MCP on Pt--Re/A1203 (DRIED) %t 410°C

{(vi) At n=2, the second model predicted the éeactivation

behavior of MCP on Pt-Re/Al,0, (DRIED) at 390°C.
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Table 6.2.3

Deactivation Parameters of Iso Octane From Variable H2
partial Pressure (First Model, Egn 3.2.11)
P, = 0.0316 atm

iso

Catalyst = 0.3%Pt/A1203

W/F = 0.111gmin cm~3
n Constants 390°¢C 410°C 430°C
kgKp 0.0376 0.021 0.0145
0 Kn -5 -45 .45 ~58.82
dem . .
k4K, 0.7884 0.1376 0.054
Xa
1 Y S ' 29.76 8.1967 -3,125
k.K
d'm
kyKy -0.176 -1.198 0.268
K, . :
31.25 13.46 9,891
k. K . .
d m

et e ——
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Table 6.2.4
Deactivation Parameters From Variable H2

{(Second Model, Egqn. 3.2.19)
P, = 0.0316atm
iso )
Catalyst = 0.3%Pt/A1203;

W/F = 0.11gmin cm >

|

. |
Partial Pressuﬂe

|
{
!
|
|

n Constants 390°¢C 410°C . 430°C :
_ |
' |
kKo 0.03768 0.0207 0.01448
" , ‘,
0 K. + K ~0.18764 | -0.942 0.8516 |
A m r
: . r
. ' .
k. K -0.0732 -0.588 ~0.1064 f
d “m ,
1 Ky -7.1157 -35.04 . -13.085 !
!
K; 4.475 34.896 12.17 |
|
' : . I
k4K -0.1477 ~-0.306 0.297 |
" |
Ky ~5.178 -7.34 -10.20 |
I
2 K; . 5.4649 5.1806 7.148 |
F
|
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Table 6.2.5

Deactivation Parameters of Iso-Octane From Vériable H?\
|

Partial Pressure (First Model, Egn.3.2.11)

g
: _ . _ . -3
Pico” 0.0316 ; W/F = 0.111 gmin cm

r

Catalyst = O.G%Pt/A1203

J——

|
< n Constants 390°C ..410°C 430°C i
| . - |
ky K, 0.0018 6.0079 0.00547 ‘
K, f |
0 n -578.03 -81.40 -207.47 l
K .
d'm ]
. ' : } |
@, ky Ky 0.00399 | -0.0153 | 0.0354 ‘
‘. |
1 -231.86 -29.155: -0.972 l
k.K
dm l
- 1
ky Ky 1=0.0317 0.0383 0.1483 y
2 |k |
97.56 . 5.999 9.542 |
kK - : |
d'm ‘
o) I
%




N

<)
1

_— o
.y

ol

»

t{¥)

&

w®

Table 6.2.6
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Deactivation Parameters ¢of Iso-Octane From Variable H2 [

Partial Pressure

P._= 0.0316atn;
iso p

Second Model

(Second Model, Eqn 3.2.19)

Catalyst = O.G%Pt/A1203 ; W/F = 0.111gﬁincm-3

n’ | Constants 390°C 410°C 430°C
kdx' 0.00181 0.0079 0.00547
0 K.+ K -1.0487 ~0.645 1.1346 |
A m . ‘
k4K 0.00158 | *-0.001574 0.02213 !
m
1 K, -0.0219 -3.283 -1.0655 ;
K; 0.2432 2.38 0.3825 L'
- : - :
k4K 0.00497 | -0.0033 0.15652
m : i
2 K, -1.4649 -2.51 0.1685 l
K; 0.765 1.656 -0.1878 :

T‘\..«,
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Table 6.2.7

Deactivation Parameters of MCP From Variable H2 Partial

. Pressure (First Model, Egn. 3.2.11}

_ . _ ; -3, _ -
Pucp = 0.092atm; W/F = 0.11gmin cm ~; Catalyst = 0.3%Pt/A1203
n Constants 390°C 400°C
KKy | 0.0578 0.1144
K A '
0 -13.572 -3.7411
k.K
dm
deA 0.242 1.9616
KA
1 k, K 0.203 5.618
d'm
deA 2.1095 -1.1402
2 —_— 3.9093 5.4171
k.K
d ' m




Table 6.2.8

Deactivation Parameters of MCP From Variable H2 Partial

[
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Pressure (Second Model, Egn 3.2.19)

PMCP

0.092atm; W/F

- 0.111gmin em >;

Catalyst = 0.3%Pt/A1203

n Constants 390°C 400°C
]
k.K 0.0578 0.1145
d ' m .
' " ) 1‘
0 K, + K -0.7842 -0.4282 :
A m .
. |
dem —O.41§ 1.51 :
K -12.635 6.75
1 :
1]
K -11.116 1.465
m
: :
k.K -0.7074 -3.984 \
d m .
K, -7.371 -10.78
2
[}
K 4,527 -17.318
m
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Table 6.2.9

Deactivation Parameters of MCP From Variable H2 Partial
Pressure {First Model, Egn 3.2.11)

= 0.092atm; W/F=Q.111gmincm-3; Catalyst=Pt-Re/Al§

U, (DRI®ED:
b -

\.
\
Constants 390°C 410°C \
kX, 0.01217 0.02769 0.0755 \
Ky \
-72.568 -77.88 \
XK L
d m . \
N \\
k Ky 0.0669 0.09083 R
., |
—2 7.072 -3.413 i
d'm - :
k K
KA
22,472 13.514 10.142 \
KoK -
d m

o
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Table 6.2.10
Deactivation Parameters of MCP From Variable H2 Partial

Pressure (Second Model,Eqn 3.2.19)

Pycp = 0-092atm; Catalyst = Pt-Re/A1203(nRIED)

W/F = 0.111gmin cm >

' l

n Constants. 390°cC 400°¢C 410°C [

|

!

K K 0.01212 | = 0.0277 0.0155 |

d ' m [

0 : |
L1

. - - i

K, + K_ 0.8834 | -0.71 1.2015 |

f

— _ _ 4

k. K 0.0719 -0.0765 0.0372 !

d m f

! K, 0.8457 -5.416 ~2.785 j

!

K -0.3065 4.0366 2.4263

!

. i

k .K 1.634 -0.451 0.20012 |

d'm !

2 K, 24 .4 -7.8514 ‘| —-1.965
K ' 12.1347 1.716 3,927

~ea,
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6.3 Catalyst HMortality Modelling Results

Stepsize 5 were used. The rate model is:

i ¢ i

399
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In Chapter 5 Section 3, the conversions, producﬁ
compositions and coking level cbtained during catalyst
mortality studies on commercial Pt and Pt-Re on alumina

. "
reforming catalysts were presented. In this section we

present the modelling results of the mortality studies

The model used to evaluate the deactivation parametersiis

the same as that developed by Omoleyesz. The model eqFation

is ‘
_n
p  n+h ., h n+h n=h-1 1
2= a(h=-n+1)k ft(Kj Cj - ‘K ) ("Ci} dat +1) i
- n-h-1 = ‘ } h '
Ce ° (1 + Ky Cy) ()6.3.1)
The above equation-implies that a plot of
_n-h-1_ t Kh cnth _ (K')h (rC }n+h .
m versus é j 73 = i dt (6.3.2)
(1 + EIK.C.)
33

should yield a straight line with an intercept of unity for

the right values of n, m and h. The concentrations were

those obtained during the mortality studies. The rate land
adsorption equilibrium constants used for modelling of the
mortality of n~octane were those obtained using rate eqpation

3.1.7 at 440°cC when the initial guesses of constants 5/




o

and

rate equation (3.1.25) was used at 430°C and initial |guesses

of constants 5, stepsize 3. The rate equation is:

400

} |

Ki1KgE Gy - k12CEB(CH2) }
Kg K49 "

[

|

i :
(1 + K1CN+' E£ + CcP + CEx + ch + (CH2) + CMx F
Ke Ky  Kg Kq _TE K, F

[

the values of the constants are

= 2.34gmol/gCat.h
= 4,9377

= 2.52 gmol/gcat.h, k12

= 0.7174, K3 1.3123, K, = 56664, Kg

= 4,4555, Kg = 9.8898, K10 = 5,3505,

= 7.0092, K12 = 12.2251.

For the modelling of the mortality of iso-octaﬁe,

o

U

|
l

ky1KgKq(al - K,,[B]

I = (H,] K, K, {H,]
K_K,[A] [
[HZ] K7Kh[H2] j
. !
!
and the value obtained for the constants were J
[
kyy = 8.272gmol/gcat.h, k,, = 100.3gmol/gcat.h, |
Ky = 0.5809, K = 313.487, Ky = 20.6197, A
h |
K, = 9.06. l
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i

The parameter selection involves the use of various

combinations of n, m and h within the followiné bounds;

The percentage-

0<n<2; 1<m<®6; and 1 < h < 3.

linearity and intercept are used as criteria for selecting

-the n, m and h combinations that fit the model.

tion of parameters that give the closest linearity to 100%

The combin

!
{
!
|
i
|
;
A=

and intercept to unity are shown in Tables 6.3.1 and 6.3.2/

These tables show that a number of n,
criteria spelt out for n-octane and iso-octane.
selection of parameters n,m and h was based on the follow
critéria for n-octane are:

The least standard deviation in predicting

{i)
activity. !
(ii) Linearity better than 99%
(iii) Nearness of intercept to unity

the final selection of parameters:

The least standard deviation in predicting

(1)
activity
(1i) Linearity better than 97%
{iii) Nearness of intercept to unity

that gave the best fit for n-octane while Table 6.3.4 shows

the final n,m and h combinations that gave the best fi

for iso-octane.

m and h satisfied the
' |

The final|

|
f
:
I

|

I
f
!
!
|

i
f
|

For iso-octane the following criteria was used for{

!
[
f
;
!
f
{
I
I
|
|

|
t
/
{
|

!
i
i
!
!
i
?
!
!

ing

Table 6.3.3 shows the final n, m and h combinatiqns
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‘i Figure 6.3.1 - 6.3.7 show the corresponding experi-
3$iﬁ“ mental and predicted profiles of activity decay. The figures
show that the predicted values are jenerally in good agree-

ment with the experimentally determined ones. With iso-

octane on O.3%Pt/A1203

met the criteria set for iso-octane in cycles 2 and 5 whille

catalyst, however no set of parame%ers
cycles 7 - 10 gave relatively poor predictidn;
The following can thus be concluded for n-octane:

f - (i) n wvalues lie between 0 and 1. The value of n

for the first two cycles was 0., This implies that

there are no unadsofbed gas molecules reactingiwith
the coke precusor in the. proposed deactivationi -
scheme (see Chapter 3 section 3.2). After the 2nd

f . cycle the value of n becamé 1 implying that one

gas molecule.reacted with the coke precusor injthe

proposed deactivation scheme. = i

. [
{ii) The value of m is 3 and 4 for cycles 1 and 2,

respectively. The value of m is 6 for cycles 3

to 5 and 1 for cycle 6
(iii)‘ The value of h lies between 1 and 3

(iv) Good prediction of the catalyst activity was

obtained, using the medel, for all the cycles

investigated. !

For iso-octane mortality studies the following can also

1

be concluded:



e

N
}
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(i)

(i1)

(iii)

{iv)

(v)

The value of h is 3 except at the 6th cycle whére

403

The model did not predict the deactivation

l

l

[

l

l

i

|

behavior in cycles 2 and 5 1
l

l

The values of n parameters varied between 1 and 2

I
| |
The value of m varied between 2 and 6 a

. |
the value is 1

|
!

There were poor predictions of the deactivatiom

behavior at cycles 7 - 10.

\



404

.Table 6.3.1 :  Deactivation Parameters for N-Octahe on Pt/A1203 Catalyst

Cycle Criteria | Satisfied
Number | =~ n . mo_ __ _ ._._.h - | ——t—riwearity. | Intercege——|—
1 0, 0, 0 3,3, 3 1,2,3 ' 99 0.97 - 0.995
2 0, 0, 0 4,5, 6 3,2, 2 99,18-99.4 0.973- 1.03
3 1, 1, 1, 1 4,5, 6, 6 1,1, 1, 2 99.66-99.76 0.953- 0.999
4 1,1, 1,1, 1, 1 4, 4, 5,5, 6, 6 2, 3,2,3,2,3 '99.83-99,95 | 1.02 - 1.08
5 1, 1,1, 1, 1, 1 . 4, 5,5, 5,6, 6 2, 1, 2, 3, 1, 2 99,81-99.94 0.98 - 4.06
6. 0, 0, 0, 1 4, 5, 6, 1 1,1, 1, 1 99.8 -99,87 0.941- 1.05

¥ - F o
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Y . __ . _ .Table 6.3.2-:-Deactivation Parameters” for Iso-Octane on Pt/Al

0. Catﬁlyéf

273

cycle . n N Criteria Satisfied

Number % Linearity Intercept
1 1, 1, 1 4,5, 6 2, 3, 3 97.21-97,54 0.95 - 0,99
3 1, 1 3, 3 2, 3 97.28-97.5 0.95 - 1.07
4 2, 2, 2 2, 3, 4 2, 3, 3 99.5 -99.7 0.936 -0.996
6 1, 1, 1, 1, 2, 3, 4, 5, 6 1, 1, 1, 1, 1 99,51-99,7 1.02 ~ 1,07
7 1,1,1,1,1,1,1,1 6,6,6,3,4,5,5,5" 1,2,3,1,1,1,2,3 98 - 98.5 0.936- 1.0
8 2, 2, 2 2,3, 4 2, 3, 3 99.69-99.75 0.95 - 1,01
9 1,1, 1 5, 6, 6 1,1, 3 97.27-97.5 0.97 - 0.98

10 2 2 3 1 99.436 0.998

IR
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“-— - - ___Table 6.3.3: Selected Deactivation Parameters for N-Octane on Pt/A120'3 Catalyst

Cycle 1 2 3 4 5 6
n 0 0 1 1 1 1
m 3 4 6 6 6 1
h 3] 3 2 2 2 1
% Linearity 99,05 99,4 99.66 99.95 99.94 99,87
Intercept 0.995 1.03 0.999 1.02 1.02 1.05
Standard
s 0.432 0.151 0.23 0.069 0.133 0.121
Deviation .
Mechanisn Double Double Double Double Double Single
site site site site site site
Sy Oy A o
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Table 6.3.4:

Selected Deactivation Parameters for Iso=0Octane—on-

—_—_—— .

R .

Pt/A1203 Catalyst

—_—

Cycle 1 2 3 4 6 7 8 9 10
n 1 "1 .2 1 1 2 1 2
m 6 3 4 2 6 4 6 2
h 3 3 3 1 3 3 3 3
%t Linearity 97.24 97.544 99.5 99.7 98 99.7 97.5 99.436
Intercept 0.9930 1.07 0.996 1.02 1.0 1.01 0.98 0.998
standard ‘
Deviation 0.494 0.3996 0.283 0.1588(0.327 0.13 0.416 0.233
Mechanism Double Double Double Single|Double Doubkle Double | Double
, 1 Site site site site site site site site
. L } ‘.
i e g o

—_—
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Fig.6.1.1: Prediction of n-octane conversion versus;W/F on
- !
Pt/AJ.203 catalyst at P, = 7.63x10 3atm; Experimental:

¥420°C; v440°C; <r460°C. Predicted egn(3.1.7);—;
5; Stepsize = 3; §(420°C)=0.0198;

- Initial guesses
s, §{440°C) = 0.0188; &(460°C) = 0.0016. |

I
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CHAPTER. 7 : : \
R |

|

!

7.0 DISCUSSION OF RESULTS

l

The presentation of the experimental results in Chapter 5

. |
and modelling results in Chapter 6 has been followed side by
side by cursory discussion of these results. In this| chapter,

a global discussion of the experimental and nodelling|results

\
) 1
is presented. - !
\
7.1 Consztant Activity (Product Distributions) . E
A. N-Octane and Iso-Octane. E

in the reactions of n-octane over Pt/Al,0, catalyst

\

there were éignificant production of hydrocracked products

between 400% and 460°C. This result is at variance with the
I. »
results of the microcatalytic reactor investigation on|bifunc-

|
tional Pt/Al,0, catalyst by Ako and Susu! where no hydro-

i
cracked products were formed between 330° and 380°C. It is

!
important to note, however that the temperature range u$ed
\
in our investigation is higher than that used by Ako and Susu1.

)
While Ako and Susu obtained appreciable conversion using the

. o i
pulse technigue at 330°C, no appreciable conversion was |

!
obtained using the CSTR below 400°C in our investigation.

|
The higher temperature of operation and the lower hydrogen

i
pressure employed in our investigation is probably responsible

for the presence of hydrocracked products. This arguement
‘ !
is buttressed by the fact that between 420° and 460°C, the

. : 1
hydrocracked products are the predominant product while at

l
400°C iso-octane (and not hydrocracked products) was the |

|
predominant product.

i
i
|
i
l

|
|
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: ~
The presence of low yields of toluene in our investig%—

' .
tion can also be explained by the high operating temperaturé

e

employed. Toluene is formed probably from the dealkylation

of the xylenes produced during the dehydrocyclization reac}ion.
No toluene was detected at 400°C. The gquantity of toluen% in’

, , . . |
the effluent was found to increase with increase in tempera-
) !

ture. The works of Christoffel and Paal11, aAko and Susu ! and

6’9-did not report the presence of toluene. Their fesults

pec.

Davis

Christoffel and Paal11 have shown by using pulse éech—
nique, that on é dual-functional Pt/A1203 inVH2 carrier!at
400°cC, n—octane was converted to ethylbenzene and O-xy%%ne.
Also Cs-ring naphthenés were also formed as these were;not
converted. further to Cé ring naphthenes under tﬁeir experi-
mental cbnditions. In the bresent work, no C5—ring naphthenes
were detected. ﬁeither the results of ako and Susu nor those
of Davis show the presence of CS ring naphthenes,

Ako and Susu1 identified the following sequence of

reactions as occuring on bifunctional Pt/A1203 catalyst:

f
ethylbenzene

n-QOctane —fE-I—St—-—>Iso—Octane _

N

O-xylene

They suggested that P- and m- xylene were formed /from the
isomerization of ethylbenzene and 0O-xylene. According to the
!

!
network, iso-octane is produced from n-octane and this is

L . 2
turn aromatizes to give ethylbenzene and (O-xylene. Ako !
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i
reported the production of ethylbenzene and o-xylene from

: \
2,2,4 trimethylpentane {iso-octane). On the other, hand

. ] |
did not detect ethylbenzene Or 0-xylene in the aroma-

tization of 2,2,4 trimethylpentane on k,0-Cr, C; = Al,0,
’ |

non—acidic'Pt/A1203 at temperatures between 400° -1500°C. The

and

efflueng composition when 2,2,4 trimethylpentane was passed

l

over 0.44g of k2O—Cr203-A1203 100cc (STP)/min at 500°C is

I

shown in Table 7.1 : , i
i

i

l
Table 7.1: Composition of Effluents From Reactions of 2,2,4

|
trimethylpentane overAkzo—Cr?_O?’-Ale3 catalyst at

[
500°C 2> | ;
' i
i
l .
Feed Composition of Effiluent (Wt
C, - Cy 6.6
2,2,4 THP . 74,8 |
1,1,3 TMP 0.0 2
: |
Cg H16(Total) 16.1 E
' |
C7 HB _ ‘ 0.4. }
l
P-xylene 2.1 l
. L.
m-xylene 0.0 1
O-xylene 0.0 2

— i
It can be seen that P-xylene is the only *Cg aromatici produced

!

by the paraffin. \

On non-acidic Pt/Al,04, the effluent composition when

2,2,4 TMP was passed through nonacidic Pt/A1203 in H2 at

425°C and 480°C are shown in Table 7.2. |

|

Co~ |
T \

o ]
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Table 7.2. Composition of Effluents ¥rom Reactions of 2,2,4

25 |
o
I

TMP over Nonacidic Pt/A1203 Catalyst

|
!
!
Temp®C 425°C 480°C !

Components in Effluents (Wﬁ%)
C1 - C7 . 21.0 52.3 I
2,2,4 TMP .37.4 . : 14.9 !
N ' : : !
1,1,3 TMP ' 32.4 : 2.4 ;
!
C7H8 1.3 | 12.9 !
P-xylene : - 3.2 ' 7.0 ;
m-xXylene 4.7 _ 10.5 f
' [
O-xylene 0.0 0.0 !
I

The results show that iso-octane cracked more extep~
' !

sively at 482°C (52.3%) than at 425°C, Furthermore, P- land
!

i
1

m~-xylene were produced at 480°C while isomerization to 1,1,3
|

TMP'preaominated at lower temperature (425°C). The results
' !
obtained by this author on the reaction of 2,2,4 trimethyl-

pentane betwéeﬁ 370°C and 430°C show that only one product
1,1,3 trimethylpentane (iso-Octane) was formed. This Jesult
is not in agreement with the work of Ak027. It is in ;omé
as isomerization; to

'agreement with the result of Lester ]
1,1,3 T™MP is the predominant reaction in his work. f

The variation of total conversion and product composi-
’ |

fthat

tion as functions of hydrogen partial pressure showed
f

both the conversion and aromatic composition each passed

Two basic kinetic arguments are now

through a maximum.
I
4 and I;'Paal85

available based on the explanations of Sinfelt
[



[

S

%3

Tew.

430 .

84

The argument of Sinfelt is based on the competing need tﬂ‘

keep the catalyst surface free of coke during the ascending
‘ -
part of the activity profile. For example, the isomerizat%on

of alkanes and isomerization - dehydroisomerization of alk&l-

' - cyclopentanes are not observed in the complete absence of |

. hydrogen. However the rates of reaction pass thrbugh maxiﬁa
!

with increasing hydrogen pressure. In the low hydrogen pr?—
ssure region, the reaction rates are limited by the rate of

formation of intermediate clefins, The extent of coverage|

(

of the surface by such residues decreases with increasingi
hydrogen pressure. However, at sufficiently high hydrogen
pressures, coverage of Pt sites by surface fesidues ceases to

be a limiting factor and the formation of intermediate oléfins

’

ceases to be rate limiting. The overall reaction then be?omes
limited by the isomerization of olefins on the acidic sites

of the catalyst. The decrease in the rate of isomerization
" !

with further increase in H2 pressure is attributed to theg

. . l

effect of H2 pressure in limiting the concentration of olefin
!

intermediates attainable at equilibrium. Rohrer,et a110£also

observed the same phenomenon in their study of the kinetilcs
F

|

of n-heptane dehydrocyciization on a platinum on aluminaI

catalyst and offered the same explanation for the occurence

. !
since dehydrocyclization involves a preliminary dehydrog?nation
' |
|

In the reforming process, all the reactions discuséed

step on the metal prior to ring closure.

' !
above occur simultansously and it is necessary to know the

order in which the maximum hydrogen pressure occures fori all

: 21,83,87

these reactions. Paal and Co-workers have inveﬁtigated

oA

|
J
|
I
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' I
this problem most extensively and were able to offer sugge%—
: !
g

several reactions. These studies all suggest that the‘optimum

tion for the order of the optimum hydrogen dependence for

hydrogen pressure for the various reactions does not corre%pond
to the stoichiometric hydrogen balance of the reaction. TPey
then associated the order of maxima for the various reactions

to the degree of dissociation of the surface intermediate [for

. !
the given reaction and suggested the following order for f
optimum hydrogen pressure; j
Bond-shift dehydroisomerization < Cg ~ Dehydrocyclization

<Hydrogenolysis < Bond-shift isomerization < Ce cyclic !
!
reactions, I

It was also observed that as temperature increases, the ﬂydrogen

pressure belonging to the maximum rate is shifted towardﬁhigher

pressure. ‘

In order to compare the results of this work with the

general prediction scheme for optimum Py by Paalss, we %irst
2
. : !
summarize our results for n-Octane conversion |

1. Since iso-octane composition increased with increﬁsing

value, In the termfnology

P it has the highest optimum Py

H2' 2
of Paal, the isomerization of n-octane to iso-octane must
' !

correspond to a surface intermediate with the least deg?ee

of dissociation. This is of course true as the dual fupctional

. . . : ' . . . .l
isomerization mechanism for iso-octane production involwves
|

dehydrogenation/hydrogenation steps and methyl shifts. {In
: |

agreement with the Paal Scheme, bond shift isomerization with
!

dual functional catalysis retains the order of the opt%mum Py

2

since the maximum occurs at a higher PH2 than dehydroc§clization

reactions. .
~a,

|
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l

Hy values for the déhydro-
|

cyclization reactions are less than for the isomerizatidn

l

reaction. However, the relative appearance of the variqus

maxima for ethylbenzene and the xylene isomers appear t% be

2, As stated above, the optimum P

temperature dependent. At 420°C, the maxima of the xylehe

isomers and ethylbenzene occur at about the same P
. A N .

(C.55atm) .
L 2
At 440°C,the optimum P

Ha o
H for vchylbenzene ard m-xylene was slightlyhless
2

t

than those for 0- and P- xylene. The optimun PH2 for hydrocracked pﬁoducts

was less than for the dehydrocyclized products. This contradicts th% order
recomended by the Paal schane. At 460°C where all the produdts

: [
exhibited maxima, the optimum PH2 values were no longer as

distinctly delineated between the hydrocracked and dehydr%—

cyclized products as the maxima of m-xylene and hydrocracked

products occured aﬁ the same P, values. , |
' l

H
2 .
The above results show that the suggested order of |
|

for several reactions on a given catalyst as
85,86

optimum PH2

i
suggested by Paal may not be totally applicable to [

\
reforming reactions on bifunctional catalysis. This is noF

unexpected as several of the reactions occur on both the métal

and the support and the effect of spillover hydrogen from #he
' i

metal to:thecsupport is very significant on the bifunction%l

catalysf. - e

l

Profiles of product composition against temperature for

PH = 0,33, 0.5 and 0.89 atm (Figures 5,1.19 - 5.1.21) werek

2 ,
used to understand the effect of temperature on the location
' i

of the maximum P These plots complement the product i

H L]
2 _
composition - PH plots (Figures 5.1.16 - 5.1.18) and show ﬁore
2 W
clearly the direction of temperature dependence of the maximum
| |
P . . )
H, | }
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85,86

By the postulate of Paal at constant hydrogen

pressure, the reaction requiring the least dissociated surface

et —r—

species should have its maximum rate at the lowest temperat?re.

This was actually observed by Sachtler et 2188 on pt-black

during the_reaction of platinum based hydrocarbon - conversion
catalyst where they reported that maximum yields of véiious
reactions were not at the same temperature.over Pt-black; T%e
work reported here is on bifunctional Pt/A1203 and it will be
useful to check if the above conclusions are applicable on tpe
bifunctional catalyst. \
Since iso-octane requires the least dissociated surfaqg

intermediate, its maximum PH2 should occur at the lowest

temperature, This is borne out by the results of Figures

5.1.19 and 5.1.20 at Py = 0.33 and 0.5atm, respectively. Th
' 2

PH maxima of the dehydrocyclized products occur at higher
2 .

temperatures as expected. The P maxima for ethylbenzene,

H
2
0- and P- xylene occur at 440°C irrespective of hydrogen

e e =P ————

|

pressure, The behavior of the-PH maximum for m-Xylene appears
: ' 2
to be dependent on hydrogen pressure although at PH > 0.5atm!
2

(Figure 5.,1.20})}, the maximum P ‘occurs again at 440°C. Figure

fo£

H)

= 0,89atm clearly shows that the maximum P
2
iso-octane precedes those of the other products. Again, the

5.1.21 at P

H Hp

order of appearance of the maximum for the hydrocracked products
is not in conformity with the Paal Scheme as the temperature

of its occurence is higher than those for the dehydrocyclized\

products.
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B. Methylcyclopentane (MCi:) '

The present study investigated the reactions of MCP |
on bifunct;onal Pt/A1203 and bimetallic Pt-Re/A1203 catal%éts.
The hydrogenolysis products measured in this work is a lwpped
parameter representing n-hexanes,2<methylpent$ne and'3-methy—
lpentane. Following the.workg of Isaacs and Petersen thé
Pt-Rg/Alzﬂj (DRIﬁD) was first dried in-nitrogen at 100°C #or
2h . before reduction. Reduction of the Pt-Re/Alzo3 catallyst
dried at 100°C, which contains no 'unalloyed Re, is complﬁte
after 1h of 500°C H2 reduction. The Pt/A1203 catalyst wés
reduced at 500°C in H, for 2h without drying. In additi%n

to the reactivity studies on Pt-Re/A1203 (DRIED) catalysﬁ,

reactivity studies were also performed on the Pt-Re/Al,04

(UNDRIED) catalyst that was only presented in the same m?nner

as Pt/A1203.

Brandenberger et al89 found that the ring opening lof

' N
MCP yields selectively n-hexane, 2-methylpentane and 3-qethy1_

-pentane in a ratio of 2:2:1 on small platinunm crystalliﬁes.

The results obtained in this work could not be COmpared!With

the above because of the lumping of these products for the

I

convenience of our analysis. l
Bragin et al46 showed that the main influence on product

distribution of MCP hydrogenolysis comes from the stru?ture

of the catalysts i.e. from the size of the Pt particle% as

well as from the nature.of the support. The rost imPOftant

parameter determining the selectivity of the reaction is the

size of the platinum partibles. Oon smali Pt particles} the

MCP hydrogenolysis occurs nonselectively leading to about 40%

n-hexane, 40% Z;methylpentane and 20% 3-methylpentane w%ich

| |
) o |
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corresponds to statistical ring opening;"On the céntraryf

on very large Pt pafticles, the branched hexanes 2MP and

3MP are formed almost selectively. | ;
The dependence of the product distribution of MCP ‘

hydrogenolysis on the particle size of platinum is_generaily

attributed to two different reaction pathways calledvthe
selective and non-selective mechanisms. It is assumed th;t
four adjacent edge atoms existing only on particles 1argeF
than 2.5nmm, are necessary for the reaction mechanism™". Oh_
highly dispersed plétinum, low coordinated surface étOms

predominated93. At these sites, the intermediate Cg ring?is

assuned to be bound to one single surface atom forming an

aB -1 - adsorbed on an aa - B triadsorbed species, respectively.
Hence the tertiary carbon atom is not excluded from the r%ac—
tion intermediate and statistical ring opening may occur.

Other explanations for the non selective mechanism are

based on the properties of very‘small crystallites,

(i) The lattice typerof very small particles can be
different from that of the bulk i.e. the hcp lattice becﬁmes
more stable when the pafticle size is smaller than 1.5nm94.

(ii) The lattice constant of small Pt particles is .
contractéd‘due to the surface stress and the different
geqmetry. This lattice contraction may be responsible f@r
different catalystic 'behaviorgS.

(iii) The crystallographic orientation of the exposed

faces may change when the particle size is changed9 .

The benzene yield obtained in the present investigation

with Pt—Re/A1203 (DRIED) was ~1.6 times greater than that

T
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obtained with Pt/A1203 showing the beneficial effect of Ee

'addition.r The benzene yields obtained on Pt/A1203 were about

|

the same value as that obtained on Pt-Re/Al,0; (UNDRIED).

This result is in agreement with the work of Omoléye52 who

found no appreciable difference in the conversion of cycglo-

‘hexane to benzene on Pt/A1203 and Pt-—Re/AlZO3 (UNDRIED)J For

a particular catalyst, the benzene yield generally incr%ases
with increase in temperature. The Yield of hydrogenolysis
products was genérally g¢reater at low MCP partial pressﬁre
and also at higher temperature for a given catélyst. Th%
cyclohexane yield was low throughout probably due to thF fact

that a high percentage of adsorbed cyclohexene formed g%ts

converted to benzene. , |
. ' l
Christoffel et al11 investigated the conversions of a

number of Cg,-Cg alkanes, naphthenes and aromatics on b#func—
tional platinum carrier catalysts, on platinum black, and on
acid carriers of the bifunctional catalysts in the temperature
range 300-500°C. The product distribution from MCP co?version
using the pulse microcatalystic reactor on a fresh catalyst
showed that the primary ring opening products (n—hexané,
2-methylpentane and 3-methylpentane) are formed nearly!in the
ratio 2:2:1 whereas over a partially deactivated catal;st and
the A].203 carrier, n-hexane is the main product. Thus,]over
the fresh catalyst platiﬂum reactions mainly contributb to

the measured ring opening products, while on partiallﬁ deac-
tivated catalysts the acidic sites of the carrier mai#ly
catalyzed the opening reactions. On platinum black wﬁth

rather large crystallites mainly selective ring opening

occurs. I

|
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It has been suggested that the dehydroisomerization .

of MCP to benzene utilizes both metallic and acidic sites!of.

a bifunctional reforming catalyst and proceeds through a

methylcyclopentene intermediate36’39, l

= :z:=izzé= s : : !

MCP =——=> MCP  ———> CH METAL
METAL ACID © ' SITE
SITE SITE \

. . B,

-2H

2 - |

Ring enlargement from methylcyclopentene MCP* to cyclohexpne,

’

CH® , on an acidic site is thought to be controlling ste% in
this sequential reaction36’42 . | - ,

Jossens and Petersen33 used methylcyclopentane reaction
as a model reaction to probe the acidic site contribution on.
a Pt and Pt-Re catalyst at 475°C and 70torr MCP. Both sulfided
and unsulfided catalysts were studied. The conversion of MCP
to benzene was found to be less than 20%. ﬁCP dehydroiso-
merization reaction fates exhibit slightly negative MCP kinetics,.
For example, under nominal reaction conditions, 0.007 mole of
benzene per hour per gram of catalyst was produced. Redqcing
MCP-concentration to one~fourth its nominal.value results in

: : '

an increase in reaction rate to 0.0091 mole per hour per| gram

of catalyst. The observed rates were in agreement with those
published by Sinfelt and Rohrerzs.
Though these catalysts eqgually catalyze the dehydro-~

isomerization of MCP, the ring opening activity of sulfiFed
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pt-Re catalyst is less than half that of an unsulfided or

!
!
I
!
!
]
}
!
i
i
i
!
{
;
i
i
!
]

sulfided Pt catalyst; There result agrees with the obser-
1
/

vation of Menon and Prasad2
in their investigation of the struc-
!

!

‘ Dartigues et al
ture sensitivity for the ring opening of MCP, found an eq@al
- !
ds

probability of breaking all five cyclic carbon-carbon bon
: . !

for a highly dispersed Pt-on alumina catalyst. Similarlyf
found  that a copper rich Pt-Cu catalyét
[

!

De Jougste et al
supported on silica also gave non-selective ring openinggof

- i
MCP. Ring opening of MCP catalyzed by y(gamma) alumina yields
i
This suggests that the highly
{

predominantly n-hexane
dispersed metal function of Pt or Pt-Re catalyst is responsible

for the ring opening activity of these catalysts.

Constant Activity (Kinetics)

7.2
I. N-Octane
A modified version of the suggested reaction pathway

!

: ]

of dehydrocyclization of n-~octane on bifunctional Pt/gile3
: . f

catalyst by Ako and Susu1 was used to develop mechanistic

A
rate equations for n-octane dehydrocyclization reaction. The
i

modified reaction pathway is as follows: f
!

i

!

'

i

1

Ethylbenzene

HCP
i
’,/’/;? ////? {
~_Fast . Iso-Octane |
\\\3ﬂ !
!

N-Octane”™
O-xylene
i

I

daified

\

i .

Nineteen rate models were developed based on the m
|
!

RN

N
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reaction neiwork with two different mechanisms. The\first

. ' . o . i
mechanisms =ssumes dissociative adsorption of hydrogen

' l
while the seccond model assumes molecular adsorption of
: ' i

hydrogen. ‘The mechanism and the derived rate models! are
L

li

| -

Since the experimental results were gathered in%a

i

in Chapter 3.

Berty CSTR, the rate values can easily be evaluated from the

\

conversion versus W/F data. As many rate values as needed

can_be»evaluated-from plots of X, versus W/F curve. ?he

i

number of rate values needed is normally greater thanlthe

number of kinetic parameters contained in the rate equation.
l

The composition of the products of reaction are also eévaluated
I

at the W/F points where the rates were determined. Thﬂs is

necessary as some composition of the products appear in the

_rate expression., The optimization method employed to mini-

mize the sum of squares of all the errors between experimental
: _ l

and predicted results for all the representative exper%ments
was the simplex method of Nelder and Mead (See Chapter P).

(-
The optimization routine tried different values fo%

i
all the constants based on different initial guesses and
l

stepsizes, until it found no other values that produced\a

smaller error. Nine initial guesses and stepsizes were

selected for use after the preliminary work of selecting

suitable initial guesses and stepsizes. These are the initial
‘ l

guesses of constants 5, stepsizes of 5,3,1; initial-guesses

of constants 3, stepsizes of 5,3,1 and initial guesses oﬁ

constants 1, stepsizes.of 5,3 and 1. E

For a given model to be accepted, the rate and adsorb—

tion equilibrium constants must be positive at all the l
)
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temperatures investigated, the rate constants for ﬁhe rate-
determining step nmust increase with increase in teﬁperature
and the predicted conversion has to be near that oqtained

during experiment, The rate eguations that satisfied these

_-conditions were those of equations (3;1.5),(3.1.6},#3.1.7),

{3.1.8) and (3.1.13}. {

From the network used to derive the rate expr%ssion,
the isomerization of n;octane to iso—-octane is fastiand it
implies that its elementary reactions are also fastj As a
consequence, they cannot be rate-~limiting steps. |

.The least squares method was used to evaluate &he
actiyation energies, adsorption equilibrium constantf and
preexponential factors. The activation energies fo¥Ithe
forward reaction using model equation (3.1.5) were 2ﬁ.6,
38.87 énd 24.4 kcal/gmole, respectively for initial guesses

]
of constants 3, stepsize 3. The model equation {3.1.6) shows

that the activation energy obtained with different s%epsizeé
are between 18-39Kca1/gmole. The activation energieq
obtained using model equation (3.1.7) for initial gue?ses
of constants 5, stepsizes 5 and 3 and initial guesseslof
constants 3 and stepsize 3.were betwéen 21—24kcal/gmoie while
values below 16Kcal/gmole were obtained for other ini%ial f
guesses énd stepéizes; The values ocobtained with modei
equation (3.1.8) at all initial guesses and stepsizes were
hetween 20—30Kcal/gmoie. i
Profiles of experimental conversion as funétiOnsEof

W/F (Figs.6.1.1 and 6.1.2) are compared with predicted{values

using model equations (3.1.7) and (3.1.8) at initial guesses
e T - l
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of constants 5 stepsize 3 and initial guesses of conéﬁants 3

stepsize 1, respectively. | R

The model equations of (3;1.7) and (3.1.8) were\Fhen
used to predict the conversion curve obtained by varyiﬁg the
hydrogen partial pressure at constant temperature, The\acfi—
vation energies obtained were 16.7Kcél/gﬁole and 18.9Kc%l/gmole
respectively for the two model equations. Figure (6.1.3ﬁ
shows that véry good prediction of the conversion was obtained

at all the temperatures investigated. _ \

A study of the kinetics of methylcyclohexane dehydrg-

\
genation to toluene in the temperature range 315° to 372°C

\

b

was reported by Sin?elt and associates83 for a 0.3%Pt on \
alumina catalyst. Over the range of methylcyclohekane and E
hydrogen partial pressures investigated, 0.07 to 2.2atm and\
1;1 to 4.1 atm; respectively, the reactioﬁ was found to be \
zero order with respect to hydrogen and nearly zero order \

with respect to methylcyclohexane. The kinetic deta were b

found to obey a rate law of the form

|
k' bP ' \
m ‘ |

P
1 + b - \

. ‘
where k and b are parameters which are functions of tempera-

r:

!
)
t
\

L]
ture. From the temperature dependence of k , an activation !

energy of 33Kcal/gmole was determined. \
1

The kinetics of dehydrogenation of cyclohexane on ‘ R
Pt/A1203 and Pt-Re/A1203 catalysts has béen investigated by

various researchers. Below is a Table of the activation

energies obtained under various conditions by various workers.
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Despite the diversity, there exists few similarities\in the

results.

1

\

|

!

: _ 1
Table 7.3 E

Kinetic Constants for the dehydrogenation of Cyclohexane on

Pt/Al,0, Catalyst.

\
!
i
t
4
i
1

o~ \
e i ; ! 1
§ References Reaction order Carrier| Temp. AH !| A_E‘r:J
System gas range |kJ/Kmole| Kmole
38 i . ‘ - A
Martman et al Continuous Oth N, 403-423 - LL54.4—96.2
90 !
Usov et al Pulse st He 573-633 “46 - 75
90 - !
Usov et al Pulse lst H2 573-633 96 - 134
. ] !
omoleye>’ continuous | Langmiur | N,/0, |573-665 | -45 78.5
P i ' | 1t
- J?’I Omoley952 - Continuwus ist N2/02 573-665 - 41.%
: 1
N
\
|
Table 7.4 ' \\
. i
Kinetic Constants for the dehydrogenation of cyclohexane on _1?1:—Re/z!~.12“103
L
9
Catalyst ! 11
"
. |
- : k
Cy Reférences 1 Reaction order Carrier | Temp. AN AE
Fg‘ System gas range kJ /Kmo le| kI /Kmole
. . 1
Susu et al’t pulse  (1st N, 423-503 - 38.%
-11- Pulse . jist by 429-483 - 50.2ii
-11- Pulse st He 442-474 - 54 !
-11- pulse 1st H, 517-553 - 89 |
{
-11- Pulse 1st Hzr 553-573 - 121.3
. |
-11- Continuous 1st H2 "553-623 - 97.91
-11- Continuous ist H, 543-583 - - 37.71
%o z
- |
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Tables 7.3 and 7 4 show that one of the main cauﬁes of
the leerSltleS in the values of the kinetic constantSlby
diffetent wdrkers is the type of carrier gas used. Broagly,
the type of carrier gas can be classified into two grougs:
the active and the inert gase;. Thg:gctive gases in Tagle
7.3 and 7.4 are hydrogen and N,/0, gas.mixture, while the
inert gases are: helium, nitrogen and arcgon. 4ost of th?
actlvatlon energies reported on both Pt/Alzo3 and Pt- Re/x\xlzo3
catalysts are much hlgher with active carrier gas than w1th
inert carrier gas. While the activation energies on Pt/A1203
are mostly between 78 and 134kJ/mole with the active'carri?r
gaseé, they are between 46 and 96 kJ/mole with iﬁert carr%er
gases. On Pt-Re/A1203, while the activation energies witﬁ
active carrier gas are between 89 and 122kJ/mole, they arel-
between 37 and 54 kJ/mole with inert carrier gases. This \
clearly demonstrates that no uniform value of kinetic consﬁant
can be achieved using different types of carrier gas. \

The reiative values of the activation energies on Pt/?1203
and Pt—Re/A1203 catalysts show that the presence of rhenium

in the bimetallic catalyst has no influence on the kinetic

constants of the fresh catalysts.
1

|

I1 Iso = Octane {
_ \
The modelling results obtainzd from the rate models \

|
developed for the.isomerization of iso-octane show that the \

_ : i
model equations (3.1.25) and (3.1.27) satisfied the set |
criteria on both 0.3%Pt/A1203 and O.G%Pt/A1203 catalyst. The \

activation energies obtained for iso-octane isomerizaticen
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with model equation (3.1.25) fof‘t@e different initial guegses
and stepsizes ranges from 43-53.5 Kcal/gmole while with model
eqguation (3.1.27), the activatién energies ranged between \

25 and 26 Kcal/gmole on O.B%Pt/A1203 catalyst. ' l

On the other hand, lower values of activation energiés

(27-33kcal/gmole) were obtained with 0.6%Pt/AléO3 compared!to
0.33Pt/ALl,0

3 when rate equation (3.1.25) was used. Rate eun-

tion (3.1.27), however, gave activation energies that were l

higher than those obtained when 0.3%?t/A1203 catalyst was \

[
|
it can be inferred that the

activation energy does not depend oﬁ the Pt lqading of the \
catalyst. _ '

Figures 6.2.1 - 6.24 show that there are good predic- l
tions between experlnental and predicted conversions when tée

rate equations 3.1.25 and 3.1.27 were used.

IITI Methylcyclopentane (MCP)

Mechanistic rate equations for the reactions of MCP

on Pt-containing catalysts were developed from the following

reaction pathway.

Bz
MCP o0— MCP 7 —_— CH

\//\

6

!
|
|
1
1
|
|
|
|
\
|
1
l
|
|
1
|
|
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’é. Eleven rate equétions were developed and the rate con-
: stants evaluated using the method of Nelder and Meadss. F%ve
out of the eleven eguations gave reasonably cgood prediction
of conﬁersions obtained over Pt/A1203 catalysts. The'rate

|

. . : . . .l
energies and preexponential factors obtained using equation

and adsorption equilibrium constants plus the activation

(3.1.44) are presented in Tables 6.1.43 - 6.1.48. The actiﬁa-

tion energies obtained for the different initial cuesses Qf

constants ard stepsizes ranged between 10-28kcal/gmole. When rate eqUétibn
(3.1.46) was used, the activation energies cbtained for the diffecent initial
guesses of consﬁants and stepsizes ranged between 17-50kcal/gmole. (Sée
Tables 6.1.49 - 6.1.52). With rate equation (3.1.48),ithe activation eAergies
varied between 15-i1kcal/gnole. {Tables 6.1.53 - 6.1 .57). With rate eqiation

\ o {3.1.49),the activation enercies varied hetweéh 16 ard 34kcal/gmole,dﬁpeniing
on the initial éuessgs of constants and stepsize used (Tables 6.1.58—%.1.62).
@hen rate equation (3.1.50) was used, the activation energies for the di ffe
rent initial gquesses ard stepéizes ranced fram 14 to 30 kcal/gmole excgpt

at initial guesses of constants 1, stepsize 5 where the activation energy
obtained.was 1 .7kcallfgnole (See Tables 6.1.63- 6.1.66) . Obviously, 1

this is unacceptable as true activation energies are of thé

order of bond strenghts. _ i

Oon P£*Re/A1203 (DRIED) catalyst, howevér, only two owt
of the eleven rate equations predicted thgnconversion reason-—
ably well with positive'fate and adsorption equilibrium
constants.. One of the rate equations that satisfied the set

criteria is the rate equation (3.1.48) at initial guesses o%

. constants 5, stepsize 5 and initial guesses: of constants 3,|

stepsize 3. The rate constants, actiwvation energies and [

1

:ﬁ~.preexponential factors are shown in Table 6.1.72 for initial
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guesses of constants 5, stepsiie 5 and Table 6.1.73 for X
The rate con- !

f

f

initial guesses of constants 3, stepsize 3.
stants, activation energies and preexponential factors /

obtained when equation (3.1.49) was used are shown in Table
6.1.74 and 6.1.75 for initial gﬁesses 5, stepsize 1 and ;
-initial guesses 3 stépsize 1 respectively.JLThe activation /
energy obtained for the rate limiting step, for the different f
initial guesses andlstepsizes were 21.8 and 23.1 kcal/gmolé,

respectively for rate equation (3.1.48) while for rate
equation (3.1.49) the activation energy for the rate deter-

!

[

!

!

/

j

!

!
mining step was 43.7 and 29.3kcal/gmole for initial guesses f
II

]

/

!
!

of constants 5, stepsize 1 and initial guesses of constants

3, stepsize 3.
Tt can be concluded from the values of the activation

energies of the Pt/AléO3 and Pt—_Re/Alzo3 that the addition
of rhenium to platinum did not affect the activation energy]
i

!

!

Figures 6.1.8 and 6.1.9 show the predicted conversions

obtained with Pt/Al,0, using rate equations 3.1.44 and 3.1.46

respectively at initial guesses 53, stepsize 5. The figu;e%

show that the predicﬁion of experimental conversion obtainéd
)

using Pt-Re/al,0, (DRIED) [Figures 6.1.10 - 6.1.11] were not
as ‘good. f

i
T+ can be observed that there are variations in the;

!
value of the rate constants, activation ernergies, adsorption
e&uilibrium constants and preexponential factors obtained at

. {

different initial guesses'and stepsizes using the same rate
J

equation. This discrepancy might be inherent in the typé of
' i

The problem we solved is a non—linear eguation
i

problem at hand.
| N i
!
- !

A e . i

!



=
™
b‘*-:r;‘

-

447

There exist in addition
I

capable of having many solutions.
‘l

i

i

to the global minimum, localized miﬁima. If a particuléf
initial guess of constants and stepsize did not converge near
the global minimum for all the activation energies and the /
héat of adsorption c;lculated therefrom, it is not unexpected j
that the located minimum might be far away from those obtained |

using the same equation but with different starting conditions)

——

7.3 Variable Activity Kinetics
In Chapter 6 Section 6.2, the variable activity modelling
i

i

!
I

!
3.2)

|

and used to evaluate the constants of deactivation. The first

Deactivation kinetic equations of

results were presented.
the mechanistic type were developed (see Chapter 3 section

model used was based on the mechanism that the reactant is
adsorbed in the same manner in the coking reaction as in the
i

main reaction. In addition the adsorption on the catalyst |
' !

surface of the substance that produces the deactivation is
!

/

i

I

i

|

i

taken as the rate - limiting step (equation (3.2.17)).

n+1
Pm K
=_..-_1_—--—+__é....._.p .
¥ 1 (P;,T) kg Ky koK, A . /

The second model is based on the mechanism that the reactant
|
n

is adsorbed in the same manner.in the coking reaction as' i
In addition, the coke precusor formation

the main reaction.
is taken as the rate-limiting step:'(equation(3.2.26))

T ———
————
—

1
——
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n+1 1]
Pm y . KA , K Pn+1 )
Vo1 By /T Ka ¥ k4K k, k. T /
it} d m |
. [

Linear and non linear least squares techniques were used to

evaluate the deactivation parameters and dis:crimination among f

f
|
I
f
I

!

rival models was based on the positiveness of the values of
the constants. The kinetic parameters obtained from variable
' l

reactant partial pressuré show that the firs: model predicted f
the deactivation behavior of iso-octane and HCP on O.B%Pt/Alzﬂg
|

catalyst between 400°C - 410°C for n=o. For n=0, the first

model also predicted the deactivation behavior on Pt—Re/A1203[
f

!
1

The implication of n=0 is. that some of the
' J

(DRIED) catalyst.
reactants are either very strongly adsorbed (pbisons) or block
I
f

the smaller pores of the cafalyst.A With D.G%Pﬁ/A1203 catalyst,
however, the deactivation behavior was oredicted only at n=1.
At n=0, the second model could not be used to predict the
deactivation of iso-octane on 0.3%Pt/Al,0, at 410°C, the /
deactivation of MCP on Pt/A1203 at 400°C and the deactivatipn
of Pt-—Re/A1203 (DRIED) at 4}0°C. However, at n=1, the secgnd

model predicted the deactivation of iso-octane on 0.3%Pt/Ap.203

——

at 410°C and the deactivation of MCP on Pt/A1203 at 400°C./
/

In this case, the adsorbed reactant interacted with a gas
: !
phase molecule to form the coke precusor. Only MCP deactiva-

tion on Pt/Al,0, at 400°C was predicted by the second mo?el
/

at n=2.
In contrast with the results obtained from variabﬁe

iso-octane partial pressure, the deactivation kinetic p?ra—

. : : L !
meters of iso-octane obtained from variable H, partial pressure
f
{
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show that the first model did not predict the deactivation !
I

{

behavior of iso-octane at n=0. It can also be observed that - /

generally the second model did not predict the deactivation

. . I
behavior of iso-octane and MCP on the reforming catalysts f

investigated. The first model predicted the deactivation /
behavior of iso-octane on 0.3%Pt/Al,0, catalyst between 390°d
}

/

and 410°C at n=1 while the deactivation behavior at 430°C is

'

predicted at n=2, Over 0,6%Pt/A1203 catalyst, however, the/
{
first model predicted the deactivation behavior only betwee?

410°C - 430°C when n=2. The deactivation parameter obtainea

at 410°C were higher on 0.3%Pt/A1203. It can be inferred |
from the above result that deactivation is faster on 0.3% |
pt/al,0, catalyst than on 0.6%Pt/Al,0, catalyst. The deacti-

e

vation parameters of MCP from variable H, partial pressurf
{

obtained on Pt/A1203 and Pt—Re/A1203 catalysts at n=1 show

!

w

that the deactivation parameter deA is higher for Pt/Al

(DRIED)

~O M

catalyst. This result also suggested that Pt-Re/A1203

e ———

catalyst is more resistant to coking than the Pt/A1203

catalyst.

—_—
—_—

The following, therefore can be concluded:
: {

(i) The deactivation behavior for variable'iso—dctane
{

partial pressure on Pt/A1203 catalyst can ‘beé

n=0.

described by the two models developed when

—_—

(ii) The deactivation behavior for variable MCP|partial
i
i
EDﬁ can
I

|

pressure ©n Pt/A1203 and Pt—Re/A1203(DRI

be described by the two models at n=0.

o - {

RN -3
ek . /
. - -
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The deactivation behavior of iso-octane for

{iii)
variable K, partial pressure on O.3%Pt/A1203 can |
be described only by the first model at n=1. /
I
(iv) The deactivation behavior of iso-octane for _
variable. H, partial pressure on 0.63Pt/Al,0, o
catalyst can be described {between 410°C and
4305C)only by -the first model at n=2, |
| ,r’
(v} The 0.6%Pt/A1203 catalyst is more resistant to !
[
coking by iso-octane than the 0.3%Pt/A1203 catalyﬁt
[
l!
(vi) Only the first model predicted the deactivation 'f

!

!
!

catalysts.

it

i
behavior of MCP on Pt/A1203 and Pt-Re/A1203(DRIEq)

(vii) The Pt-Re/A1203(DRIED) catalyst is more resista

to coking than the Pt/A1203 catalyst.
' !
!
j

- !

The results obtained from variable activity experiments
!

show that Pt-Re/A1203(DRIED} catalyst is preferred to Pt/IISleO3
catalyst because of higher aromatic (benzene) yield and '
l

because it resists deactivation by coking better. These |
' 81

’ !
observation is in agreement with the work of Bertolacin% et al
1
Several theories have been proposed to explain the promo#ional
. . !

effect of rhenium. The first theory assumes that a higH

' i
melting point platinum - rhenium alloy is formed. The alloy
: !

is supposed to resist $intering or agglomeration of thel active
!
platinum sites and thus deactivation is lessened. Alond’similar
: f

lines a second theory proposed that rhenium in some way

!

|
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modifies the alumina éUpport so as to maximize the platinum

Sy

surface area or to resist harmful coke laydowngT. A‘third
theory suggests that rhenium removes coke precusors\or mole-
cules that would éventually foul or block the activ% surface” .
The fourth theory suégests that‘pertain components in the

feed are converted to coke precusors over the platinhm catalyst.
' i

The precusors can further react over platinum to form coke

i%;- and cause deactivation. = However, with the addition ?f
rhenium, the coke precusors are converted to harmles% products.
fhe coke precusor concentration is lowered and the rate of
coke laydown on the plaﬁinum is reduced.

|
A
l
1
!

7.4 Catalyst Mortality Results

|

The results of catalyst mortality experiments_%hqw that

the coking levels of the catalyst depends on the feed, The
l

results obtained by this author shows that on 0.3%Pt/Al,04
h{ catalyst the coking levels of the reactants investigated are
_ i
in the following order: {

i
Isc - octane n N—-octane < MCP ﬁ

'ip ‘ Omoleye and Susu97 studied the coking levels on freshiand

spent Pt/A1203 reforming catalysts. They found out tﬂat the

|
acgelerated deactivation they used for the deactivatiqn of

i the .catalyst resulted in a stace of Pt/Al203 catalysﬂ
'i

mortality that'is'comparable to the spent catalyst thaF has

been used in the reformer at the refinery.
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Two stability sfates have been established with ﬂCPi
reactant on a catalyst that has béen used for iso-octane |
reactions. Results show that after a total of 64 regenerg—'
tion cycles (24 cycles with iso-octane and 40 cycies witd MCP)
the catalyst was still active. Omoleye and Susu95 state%‘that
three stability states existed on the Pt/A1203 catalyst When
cyclohexane was used as reactant. They inferred that eaéh
state leads irreversibly to the next and also irreversibiy
to the mortality state. The stability states are charac%erized
by different coking levels. Only.26 deactivation - regeFera—
tion cycles were needed, however, for the catalyst to reach
the mortal state. The time on stream during the deactiv@tion
process was different for the two reactants - the cycloHexane
being much longer than the MCP., It is easily conceivabﬂe
that more of the resistant coke (formed from primary coée)

!
will result when the time on stream is longer and the m?rtal

state will therefore be attained faster. ~ i

The concept of coke catalyzing the formation of more
coke or assisting in the growth of a different type of Eoke
has been shown to explain the coking phenomena during h&dro-
carbon pyrolysis to obtain olefinsgs. At the high temp%ratures
of pyrolysis'reactions, at least three major types of %oke _
have been identified: filamentous, amorphous and graph%tic
cokegg.' These coke types and other subtypes identifie@ by
Albright énd Tsa198 oécur between 773-1173k. Graphitié coke
was found té be denser than amorphous coke and ﬁore sléwly
oxidised. Several investigator5100-104 have provided evidence
that adsorbed carbon is an active reaction intermediate and

a precusor to inactive forms of carbon. Mc Carty and Wisé1q1

|

i
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I
1
i
1
|
i

| i
'F reported. three tvpes of carbon adsorbed on Ni surface after
7 ' |

exposure to CO. Atomic or o« carbon (C,) was eas%ly removed
!

by H, at relatively low temperatures while B—caﬁbon (Cg)

which is polymerized or amorphous coke is'forme% at signi-

{
ficantly higher temperature and was about 1/100 as active
\

towards H2. The third type of coke is the graphltlc type

and is formed by high tenperature conversion of CB' The slow

}@ﬁ , conversion of C, - CE occurs above 600k. McCartX and Wlsem4
L&d !

. . i

also reported that Cy is gasified at high rate on nickel at

|

|

!

: !

The deactivation of the reforming catalyst with n-octane,

: i

iso-octane and MCP is very fast suggestive of por% mouth

723k and 1atm.

blockage. The activity of the catalyst (Pt/A1203Lor Pt-Re/Al,03)

is very low after 15min. This is in contrast w;th’the work

of Omoleye52 who found the activity of Pt/A1203 catalyst to

'1 .
be high after 60min with cyclohexane. The mechani%m of coking
in his work is probably due to site blockage. 'Thi% probably

\
exnlains why Omoleve was able to observe the diifferences
’ |

. . (. * 3 [ l
in reaction time during deactivation at the different

. !
stanlllty states. |

!
'§\ The beneficial effect of rhenlun addition is apparent

during the catalyst mortality experiments with Pt/Alg2 3 and
Pt-Re/Al,0,(DRIED) catalysts. The total conversion ?nd also
: ' o
benzene yield were higher on Pt—Re/A1203(DRIED). The,drop
' 1

in benzene yield with regeneration cycle was less wi%h

pt-Re/A1205 (DRIED) than with Pt/Al,0,.

®

i
\
;
!
¥
\
|
I
!
\
\
1
\
}
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The Pt-Re/A1203(DRIED) was betéer than the pt—RF/AlZOB'
{(UNDRIED} which behaved more or léss like thé Pt/Alzog after
the first regeneration. This shows the importance oficatalyst

pretreatment on the performance of the catalyst., The; poor

. performance of the Pt—Re/A1203(UNDRIED) catalyst was reported

by Omoleyes2 in his work on the mortality of mono - ahd
bimetallic reforming catalysts. He reported that the; presence
of rhenium’in the fresh bimetallic Pt-Re/A1,0, catalyét pro-
longed the lifetime of the catalyst beyond that of the fresh
Pt/A1203. He also reported that the presence of rhenium has

an édverse_effect on the stability of regenerated ét—ﬁe/AlZO3
(UMDRIED) in an inert atmosphere. He suggesﬁed that Fhe forma-
tion of coke is catalyzed by the segregated unreduCed:oxides

of rhenium in the ‘catalyst.

Isaacs and Petersen79 examined the effect of ca?alyst
pretreatment on reduced Pt—Ré/A1203 catalysts. Theiriresults
indicated significant alloy formation in reduced Pt—Ré/A1203'
for all drying températures of 500°C or less. While the surface
amount of alloyed Pt-Re is insensitive to the drying Fempera—
ture, the surface amount of unalloyed Re varies signi#icantly
with the drying temperaﬁure. They.found that reducti&n of the
Pt-Re/Al,0, catalyst dried at 100°C which contains nohunailoyed
rhenium is com?lete after 1h of 500°C reduction. Thei% results
also showed that reduction of the Pt—Re/A1203 gatalysé dried
at 500°C, which doés contain unalloyed Re, is not complete
until after 15h of 500°C H, reduction. From the worklof Isaacs:
and Petersen79 it can be inferred that the undried Pt;Re/A1203

catalyst do contain much unalloyed rhenium oxide which according

to Omoleyésg'catalYSééfébke formation.

|
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'CHAPTER 8 \
: 1
|

CONCLUSIONS : i
> - o
|

'The reactivity of n—octane, iso-octane and MCP was,

studied on constant and variable activity reforming cata%ysts.

From the results of these studies, the following conclusions

. |
‘ can be made: 1
x5 | . : i
J’y'.

. _ . i
1. The products of dehydrocyclization reactions of

. : {
n-octane on bifunctioral Pt/Al,0, catalyst are!

: _ |
hydrocracked products, iso-octane, ethyvlbenzene,

toluene, m- , p- and O-xylene.
‘ )
!
|
2, The sole product of iso-octane (2,2,4 trlmethyl*

pentane) reaction on 0. 3%Pt/A1203 and O. 6%Pt/Al£03

catalyst at temperatures between 390°C and 430°C

is another isomer of n-ogctane (1,1,3 trimethyl-

pentane) .

f.ﬂ-f—ﬂﬂ- O

3. _The products of methylcyclopentane {(MCP) reactions

!
on Pt/A1203 and Pt—Re/A1203 catalyst are: hydro-|

|
i
';. genolysis products (2-methylpentane, 3methylpent?ne,
n-hexane), cyclohexane and benzene. }
. i
4, The production of aromatics generally increases 3

. . , ; . -
with increase in temperature, W/F and decrease 1n

reactant partial pressure.

|

1

|

1

\
5. Five out of the nineteen rate eqguations developedm
!

for the dehydrocyclization of n-octane on bifunc-,

)
e

tional Pt/Al,0, catalyst were found to predict th¥
|
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experimental converxsion and also gave posit%ve

? I
’ values for the rate and equilibrium constan{l:s.

|

6. Two out of the three rival models developed!for
|

the isomerization reaction of iso-octane predlcted
. . _ : -
the experimental conversion data with p051t1ye

values for the rate and equilibrium constant%.
1

1
r&; 7. Five out of eleven rate eguations developed for
the MCP reaction predicted the experlﬁental conver-

sion data and gave positive values for the rete and

~equilibrium constants. | 1

| %

8. The order of optimum sz for reactions of n—o%tane
on bifunctional Pt/A12O3 catalyst was found t?

' |

occur as folliows: }

Iso-octane > Dehydrocyclized products > HYdro%racked

) xL?

products. - : k
\
l

9. The O. 6%Pt/A1203 catalyst is more resistant to

l
coking by iso-octane than the O.B%Pt/A1203 catalyst.

: l

, : ' |

10. The Pt-Re/Al,0,(DRIED) catalyst is more resistant

\
' : to coking than the Pt/Al,0, catalyst. !_
; | , ‘
l

I
11. The MCP coking level was highest for the reactants
. 1
investigated. The order of coking on the Pt/Al,0,
. [
‘ catalyst was given by Iso-octane ~ N-octane < MCP.

|
\
§
l
1
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At least two stability states exists in the 1li

!

]

|

!
j
fe
!

time of the monometallic Pt/Alzo3 catalyst. Th%

two states were élearly shown in the coking level

obtained during the mortality study of Pt/A120

:
3

catalyst using MCP as model reforming.reactantﬁ

- !
In the first state (cycles 1 - 5) the coke level

was about 0.045¢g while in the second stabilit

state {cycles 6 - 40) the coke level was about
!

0.09 gC.

Y
|
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APPENDIX A

Table A.1

Vapour Pressure of Normal Octane Versus Temperature o

Vanur_éreséure(mmHg)- Temperature [°C]
1 _ -14 \

5 + 8.3 :

10 ) . 19.2 !

20 ' j ' 31.5 i

40 B 45 .1 |

60 ' : 53.8 l

100 ’ 65.7 i

perature is shown in Fig.A.1l.

From the above data, a plot of vapour pressure versus tem-

The graph enables us to find the vapour pressure of
N-octane for the temperatures of interest during each experi-
mental run. From the vapor pressure and the knowledge of the
total pressure of the system, the partial pressufe of the 1
gas bubbled through the saturator at a particular temperatufe

can be determined.
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Table A.2

Vapcur Pressure of Iso Octane (2,2,4 Trimethyl Pentane) Versus

Témperature(sz)

i

]

From the above data, a plot of vapor pressure versus tem
I

perature is shown in Fig.A2. _ f
i

The graph enables us to find the vapor pressure o%

iso~octane for the temperature of interest during each/
/

experimental run. From the vapor pressure and the kno&ledge

of the total pressure of the system, the partial pres7hre

of the gas bubbled through the saturator at a particuﬂar

!

temperature. can be determined. '

Vapour Pressure [(mmHg) Temperature (°C)

1 -36.5

5 | - 15 ' :
10 - 4.3 /
20 7.5 /
40 20.7 f
60 29.1 f
100 ) 40.7 /

/

!
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Tabhle A.3

Vapour Pressure of MCP Versus Temperature(sz)

Va?our Pressure (mmHg) Temperature {(°C)
1 - =-53.7
5 -33.8
10 -23.7
20 -12.8
40 - 6.0
60 + 7.2
‘ 100 19.9
200 34.0.

From the above data, a plot of Vapor pressure versus tem-

perature is shown in Fig.A3.

The graph enables us to find the vapor pressure of

MCP for the temperatures of interest during each experimental

run. From the vapor pressure and the knowledge of the total

pressure of the system, the partial pressure of the gas

bubbled through the saturator at a particular temperature

can be determined.
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APPENDIX B e ———

Table B.1

Calibration of Chromatograph. for Products of n-Octane reactions. Weight Fractions of Compounds

_—

% _a o | e

SAMPLE R E k 7 8 o | 11 12 13 14 ’
Iso Octane - 0.0863 | 0.053 [0.0516(0.0492 [0.052 |0.398 [0.799 |0.2 {o0.0518] 0.2 0.2 0.1 0.0514
Normal Octane 0.086 | 0.0502 [0.101 0.095 10.05250.398 0.052 10.596 | 0.798 | 0.1966 0.197 | 0.102 | 0.0536
Ethyl Benzene 0.2186{ 0.0487 |0.40 [0.57 [0.796 [0.101 |0.0492]0.0502| 0.0498 | 0.199 | 0.1 0.1 0.0484
Para. Xylene - 0.5212] 0.8013 |0.3971|0.19 0.0496(0.0502|0.0487 |0.1014/ 0.0498 | 0.2035 0.102 | 0.1 0.518 a
ortho Xylene 0.0876 | 0.0503 | 0.64980.0955 0.049710.0522]0.0507{0.052 [ 0.051 | 0.2 | o.39§ 0.595 | 0.795



Table B.2 : e T T

SAMPLES i 2 3 q- 5 6 7 8 9 10 11 12 13 14
Iso Qctane 0.10321 0.058 0.057110.0517/0.041310.611 |0.366 |0.76 0.234 0.0477 { 0.251 0.247 0.13 0.0558
Normal Octane 0.106 0.048 0.103 | 0.1033|0.0467|0.184 10.428 |0.0673 0.624 0.84 0.218 0.197 0.115 0.041
Ethyl Benzene 0.222 0.049 0.415 | 0.58 0.822 |0.0489(0.083 10.066 | 0.033 0.039 0.182 0.094 0.0947 094

<P

r-. W,

<P
Para"Xylene 0.49 0.807 0.386 |0.1766| 0.050610.045 L0.0625 0.053 0.063 0.037 0.1‘71 00,0895 0.0911] 0.042
C;rtho Xylene 0.079 Q0.037 0.03810.086 |10.039 |0.074 i0.065 0.051]10.033 0':035 0.177 0.37"1 D.64 0.82

| . .
- e ’ "y Y ’]“l“‘ . v
& pr g e S P
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Calibration of Chromatograph for products of MCP reactions. Mole- fractions of Compounds —

Table B.3

SAMPLES 1 2 3 4 5 6 L7 8 9 ,10 11 12 13 14 15 |

2ZMethylpentane | 0.081 0.0754 . |0.0769 |0.07 .01678(0.072 |0.0734[ 0.075 5.1531 0.1536‘0.2336 0.289 P.4021{ 0.489510.5416

Methylcyclo- 0.0955 [0.1779 [0.1816 [0.2497|0.05935]0.2543]0.3466 0.4434 0.45110.543 [0.4590 [0.4258 P.3797| 0.2888 0.213;ﬁ

pentane

Cyclohexane | 0,099 |0.1854 [0.2836 0.56 .0B24 O.35£ 0.3609 0.3694] 0.2838 0.1887; 0.1913|0.1775[0.099| 0.1 0.111

B?nzene 0.724 |0.5613 ;.458 0'4199. .;;éé_ 9.3209 0.2191] 0.1121 0.11; 0.1144 0'116. 0.107: 0.12§ 0.1216] 0.134
% w ok




/—/
_—-ﬂ"l"_ .
///_/
— Table B.4
~ Calibration of Chromatograph for products of MCP reactions.Area fractions from Chromatograph

SAMPLES 1 2 3 4 5 6 7 8 9 10 11 12 13 l1a f1s

JMethylpentane | 0.0668 |0.073 {0.073-| 0.0696 |0.0605 [0.081 10.0725 }0.067 | 0.145 [0.1518 [0.239 [0.309 10.3630.526 | 0.595
o gzizﬁzycm" 0.0777 lo.175 {0.157 | 0.225 lo.185 ]0.2415|0.3715 |0.414 [0.438 |0.57 '[0.464 [0.422 [0.445(0.277| 0.193
= . N

cyclohexane 0.0874 |0.188 |0.278 | 0.273 |0.346 }0.358 |0.3726 |0.423 | 0.291 |0.188 |0.197 }0.1712|0.095|0.097] 0.0996

Benzene 0.768 lo.564 |0.492 | 0.432 |0.408 |0.3196|0.1833 |0.096 | 0.126 |0.089 0.1 |0.097 |0.096/0,1 | 0.111

? l

I

ol
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APPENDIX D
f

padl

¥o

'
Table D.1: Deactivation Function of O.B%Pt/A1203 and
0.6%Pt/A1203 Catalysts at Various Iso—octane‘}
Partial Presure and 410°C F
- (p, T) |
Pigolatml vgq T iv ' |
_i
D.3%Pt/A1203 O.G%Pt/A12?3
0.0236 0.0084 - K
' h
0.0316 0.01138 0.0059 {
0.056 0.0167 0.0097 |
0.082 0.021 0.0202 _
t
|
Table D.2 : Deactivation function of Pt/Al_203 and Pt-Re/é1293ﬁ
(DRIED) Catalyst at various MCP partial pressure
[
CVgq (PyeT) :
Pucp i
Temp = 400°C Temp. 410°C
i
O.B%Pt/A1203 0.3%Pt—Re/A1203(D;RIED)
= 0,778atm pP,. = 0.5atm :
H, H, |
]
0.058 - 0.042
!
0.092 0.01266 0.051 F
. 4
“lo.1447 0.01888 0.0665 {
0.1816 0.0223 - i
!
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Table D.3

f

496 ,

a _ . l
Deactivation function of Pt/AL,0, catalyst a?
P, .= 0.0316 atn; W/F = 0.11gmincm™3 and at f
various Py and temperature ' '
4'2 .

- [atm] ¢G1(P1,T} '
2 x
| : . !
390°C 410°C 430°?
0.11 0.0325 - 0 os@
0.33 0.0186 0.0388 0.0496
0.5 0.0128 0.019 0.007
[
0.778 0.01 0.006 0.0052
!
i
[
!
H
Table D.4: Deactivation function of O.G%Pt/A1203 catalyét
' - !
at P, = 0.0316 atm, W/F = O.11gmincm 3 and, at
iso . !
various PH and temperature. !
5 [
|
i
390°C 410°C 430°C
0.11 0.015 0.0347 0.9433
0.33 0.006 0.0054 0.0347
0.5 0.0017 0.0085 0.007
0.778 0 ' .0 0.0015
E
;
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|
Table D.5: Deactivation function of Pt/&1,0, catalyst at.

Ky - ~ . -3 ,
X Pucp 0.092atm, W/F = 0.11gm1n§m and at various
PH2 and temperature l
PHz(atm) Y01 (Pi,T) ,
390°C 400°C ;
- |
A ' :
~7 0.11 0.197 Ba— [
0.33 0.11 0.1046 '
6.5 0.032 0.076 I
0.778 0.0185 0.028 {
i
r
|
Table D.6: Deactivation function of Pt-Re/Al,0; (DRIED) |
catalyst at Pucp = 0.092atm, W/F = O.11gmincm—31
and at various PH and temperature. T
2 ’ l
i
PHz(atm) , Yo1 (P;,T) -
2 1
390°C 400°C 410°C |l
0.11 0.036 0.066 0.07
: E
0.23 0.0276 0.0384 0.068
0.5 0.0114 0.02 0.051 r
0.778 0.00314 0.00743 0.0036 |

‘ .
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APPENDIX E

METHOD OF LEAST SQUARE FIT

Definition:

Suppose that we have E({r) = ax + h

—— m— T

Let'(X1,Y1), (X5, ¥5), o o o .,(Xn,Yn) be a random sanla
of Y \

T

The Least square estimates of the parameters a and b aﬁe

thaose values of a and b which minimize
L * .

i
L
|
|

n f
£ ly, - (ax; + b} 1’ (E.1)

i
}

L
For each pair (xi,Yi) we compute the discrepancy between

»

Y., the observed value, and ax; + b, the expected value.

: [
In order to obtain the required estimates for a and b we

proceed as follows:

Let f(a,b) =
i

a3

. . A 2 1
1{Yi - lax; +.b)7] (E.2) ,

’ : i
To minimize f(a,b), we must solve the equations ‘

af _ '
E‘é’ = 0 (E.3)

and :
: k
af _ :

Z=o {(E.4) ‘ |

‘differentiating £ with respect to a and b, we obtain

Q|ar
e
bt

2(Yi - (axi + b)) - (Xij ‘
i



+,
f;

g

n .
2
= =2 .Z (XiYi - ax -‘bhi) (E.5)
i=1
and
n .
9af  _ _ _
i=1
3f _ n B
35 = 2 E (Y axi—- b) (E.B)
, L 1=1
3f _ of _ ; . .
Thus 35 0, 38 0 May be written respectively
as follows:
n , n- n
a .Z Xi + b_E Xi .E Xi {(E.7)
i=1 i=1 i=1
n n
a ! X. +nb = r Y, (E.8)
i=1 * i=1 *
Solving the two linear equations
n _ _
151 Yi(Xi - X)
a = n - . (E.g)
z (Xi - X)
i=1 .
where -
- 1 n
X = 5 L X (E.10)
i=1
and
b = Y - ax (E.11)
where
- 1 n :
Y= 5 T ¥ (E.12)
i=1

e e—

—_—
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APPENDIX F

SAMPLE CALCULATION OF OXIDIZABLE COKE LEVEL

By titration 20ml of unreacted Ba(OH)2 solution aga

a 0.105N HC1, 32.3ml of the acid was found to neutralize

Ba(OH)2 solution completely.

20ml

0.105, v, = 32.3nl

13

= 0,105 x 32.3 _
: 50 = 0.1697N

i.e the strenght of the unreacted Ba(éH)2 solution

= 0.1697N.

Molecular

.. Wt of

weight of Ba(OH)2 = 171g

Ba{OH]2 in 150ml of 0.1697 N excess solution

= 0.1697 _ 171 _ 150
i X 3~ X 1000

= 2.1769g

wt of Ba(OH)2 in 150ml of ©.1734N sample solution.

0.1734 % 171 150 _ 2.2238g

7 7 * 7000

*. Amount reacted

= 2,2238 - 2,1769

= 0.0469g

|

inst
!

?he

BRI
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Stoichiometry of reaction

+ CO, —m> BE!.CO3

Ba(OH)2 2 + 520

> 197g Ba CO3

171g of Bal(0OH),

. . 0.0469g of Ba (OH) ; produces

19

-~J

= 0.054g of Ba CO3

1

-
~J

0.0469 x

gram . Carbon in 197g of BaCOo, = 129

. in 0.054g BaCo,

Y
C = 19—7-}( 0.054

Coke level = 3.29 x 10 °g C

————
—



i,

502
i
Appe@dix G

Programme for the flaxitle polygon search of

"Nelcer and iead

FOFTIONS X,5=250,L=250
DIMEMSION X1{Z0,50) ,X{(S0) , SUM(SO)
COMMON/ERR /X, X1 ,MY,STER #1,SUM, IN
COMMON/CONC/C (15, 15) ,WDF (15) ,EC (1) ,CC{15)
Mi=4 -

WRITE(L,*) "ENTER INITIAL GUESS OF RATE CONSTANTS® !/

, ANX=4 : ‘

i ' DO 131 I=1,N¥

- ACCEPT ‘NEXT GUESS’,X (1) j
131 CONTINUE _ /

ACCEFRT 'ENTER INITIAL STEFR SIIE’,3TER
WRITE{1,*} "INITIAL STEF S5IZE I3 °,5VEP
CALL OFEN (4, B:DOMHOZ")
DO 132 J=1,2 ' /
DO 1EZ I=1,10
FEAD(4,%) (I,
132 COMTINUE

d)‘

' s R
; DIFER=G, 0 /
In=1 : ‘
Call SUMR
WRITE(1, %} SUM(INY ,(X(I),I=1,N¥)
Fl=NX+1
B 2=NY 42 : /
- KIE=EMNY+T
‘ E4=NX+34
CAaLL START
DO 3 I= 1,K1
. DO 4 J= 1,NY
4 X{Jy=X1(1,J) ' . S B
IMN=1 .
CALL SUMR

s,

3 CONTINUE _ _ _ /
C SELECT LARGEST VYALUE OF SUM(I) IN SIMPLEX o
28 SUMH=SUM{1) /
' INDEX=1 .
’ ' DO 7 I=2,K1 ‘ ;
IF (SUM{I).LE.SUMH) GOTO 7 ;
SUMH=SUM (1) . ' i
INDEX=1 o f
7 CONTINUE -
’ C  SELFCT MINIMUM YALUE OF SUM(I) IN SIMPLEX /
SUML=SUM (1) [
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el

\
!
L
i
'
LY t\
¥
. i
KOUNT=1 - :
00 8 I=,El :
IF (SUML,LE.SUM(1)) GOTO 8 x
SUML=SU1{ 1) -
EOUMT=I ‘ i
o 8  CONT.INUE ' )
T £ FIND CEMTROLD OF FTS WITH I DIFFERMT FROM IMDEX 0
DO ? J= 1,NX . :
' SUuM2=0, \
Do 10 I=t,Ki _ 1
10 SUMZ=SUM? +X1 (1,0 ’
X1(KZ,3)= 1.0/ (XNX) % (SUM2-X1 (INDEX.J?) '
C  FIND REFLECTION OF HIGH FT THROUGH CENTROID !
X1 (K3,J)=(1.+ALFA) #X1 (K2,3) ~ALFA*X 1 (INDEX,J) i
2 ¥{J)=X1{H3,J} |
TR=kT : \
CaLL SUMR . : i
D IF (SUMIKZY JLT.SUML) BGOTO 11 ' i
£ C  SELECT SECOND LARGEST VALUE IN SIMFLEX :
' IF{INDEX.EG. 1) GOTO 28 1
SUMS=SUM (1) : : |
5070 39 !
T8 SUMS=SUM{2) . \
%9 DO 12 I=1,K1 \
IF ((INDEX-1) .EG.0) GOTD 12 \
IF (SUM(I).LE.SUMS) GOTO 12 \
SIMS=5UM (1)
12 CINTINUE

€
IF (SUM(K3) .GT.SUMB) GOTO 13
GOTO 14

11

]
|

C  FORM EXFANSION OF NEW MINIMUM IF REFLECTION HA&S FRODUCED| ONE MI
DO 15 J= 1,NX - '
X1{Ka,J) =(1.0-GAMA)*#X1 (K2,J) + GAMAXX1 (K3, d) :
15 X(J)= X1(K4,3) '
IN=}4 |
CALL SUMR - :
1F (SUM(K4).LT.SUML) GDTO 16 ’ :
GOTO 14 , b
13 IF (SUM{K3).BT.SuUMH) GOTO 17 \
DO 18 J= 1,NX |
18 X1(INDEX,J)=X1(K3,J) | :
17 DO 19 J= 1,NX '
X1(K&,J)=BETA*X1 (INDEX,J}+ (1. -BETA) ®{1{K2,J} ;
i
\

e e T
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C FREDUCE SIMFLEX BY HALF IF. REFLECTION HAFFENS TO PRODUCE

504

rX(J):—Xl(‘ri#.di

IN=k4-

CAaLL SUMK
IF{SUMH.GT.5UM{k4y ) $O0TO 16

C  UE THAN THE MAXIMUM

DO 20 J=1 MY
0O 20 I=1,¥1

200 X1il,J)=.9% 0100, Ty +X 1 (KOUMT ;332
0O 29 I=t,k1
DR 30 J=1,NX
30 XD =Xio1,J)
IN=I
Cal.L SuMR
79 CANTINUE
G0OTO 26
146 DO 21 J= 1. NX
YL CIMDEY,J) =K1 (K4, J)
21 X{J)= X1 (INDEX,3)
IN=INDEX .
Call SUMR
GOTO 26 :
14 DO 22 J= 1,NX
X1 (INDEX,J)=X1(K3Z,D)
22 X (D)=X1(INDEX,;J)
IN=INDEX
CALL SUMR
26 DO 23 J=1,NX
23 X () =X1(K2,J)
IN=K2 .
CALL SUMR
DIFER=0.
DO 24 I=1,Kl
24 DIFER=DIFER +(SUM(I)-SUMK2))#x2

DIFER =1./XNX*SQRT{(DIFER)

"TYFE : )
TYFE ‘VALUES OF CALCULATED COMSTANTS’

TYFE

WRITECL ,501)
WRITE(1,501)
WRITE(1,501)
WRITE(1,301)
S0l FORMAT(1X
TYFE

(1, X1 (KOUNT, 1), 1=1,T)

(I, X1 (KOUNT,I),I=4,6)
(1,%1(KOUNT,1),1=7,9)
(1,%X1(KBUNT,I),I=10,12)
J20CIX, (KIS, =" 1X,F8.4))

.——.
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TYFE 'SUM OF ERRORS SQUARED’ ,SUML

IF (DIFER.GE.D. 000001 H)GOTO L8

Call 2XIT
END

$OFTIONS X

SUEROUTINE START .

DIMENSION A(S0,50) ,X1(350,50) X (350), SUMS0)

COMMON/ERR/ A,YI,NX,STEP,HI,SUM,IN
COMMON/CONC/C(15,15) ,WDF (15} ,EC(15) ,CC(15)
YRN=NX

STEF1=STEF/ (JM*SORT (2.)) ¥ (SERT (VM+1.) +UMN~1.

STEP2=STEP/ (VN*SORT (2.) ) # (SERT (YN+1.)~1.)
DO 1 J=1 N¥

a(L,nN=0.

DO 2 I=1,K?1

PO 2 J=1,NX

A¢T,J)=5TERD

L=I—-1

G(T,LY=STEFL

CONTINUE
DO 3 I= 1,Kti

DO 3 J= 1,NX ' '
X1T, 3y =X(J)+ACI,J)

RETURN '

END

FOFPTIONS X

SUBROLTINE SUMR

DIMENSION X1 (S0,50),X{(3S0) ,5UMEO)
DIMEMNGION R1(1%5) ,R1IE(15) ,DIFF {15}
COMMOM/ERRY/, X, X1 ,NX JBTEF,K1,SUM, IN
COMMON/CONC/C(15,15) (WDF (15} ,EC(135) ,CC13)
RIE(1)=10.63 NDF(l)—U.U,_._:

RIE(2)=7.6; WDF(Z)=0.05

RIE(T)=6.07: WDF (3)=0.075

RI1E(4)=5.15; WDF (4)=0.

'
H

RIE(S)=4.48: WDF{3)=0.123
RIE(&)=5.95; WDF{6)Y=0.15
RIE(7)=3.57; WDF(7)=0.175
RLIE(BI=3.273; WDF(B)=0.2
RIE{(%)=2.82; WDF(?)=0.235
RIE(LO)=2.23; WDF {10}y =0.336
DO 123 I=1,14

)

T

e G, el e . -
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RNUM=(X(1)%X‘3)*6(1,I))*(Ei?}*ﬁ(?,l)/XiS})
DNUM=1+X {3y (1, 1) +C(2,1) /X {3},

Rl (1) =RMNHIM/DNUM
DIFF(IY=(RIE 1)-R1(I1))**2
123 - CONTINUE : :
C CALCULATE EXFER COMYERSION,EC=RIE (1) =WDF (1)
C CALCULATE COiPUTED CONVERSIONM,CC=R1 (1) #WDF (1}
TYFE
TYFE "’ W/iF EXF. CONVR. CAL. CONVR.

Do 478 I=1,10
EC(1)=R1E (L) *WDF (1)
CC(I)=R1(1)*WDF (1)
478 CONT INUE :
» WRITE OUT RESULTS OM SCREEN
DO 280 1=1,10 :
48OTYFE WDF (1) ,EC(I),CC (D)
SUM (INDY =0, 0
DGQ. 124 i=1,10
§24  BUMCINY =SUMINY +DIFF (1)

RETUEN
SUM(IM) ==X (1) *X (11) %X (2) %X (3) +X (4% (X (1) %X (2]

5UM(IN)=3UM(IH)+X(4)*(2*X(1)*X(3)—108.D}

SUM(IN)=5UH(IN)—QHDQ*(X(1)+X(2)+K(3}+X(4))
RETURM ' .
END

+ZRAAZY L (3N
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1000 READ(L,5Q0) ITIME,ND,LRUN

. o e——

TALYST COKING DEZACTIVATION

x***r*r*kkkk*#*k?*tk*#*#*k***t*****#v“*xkkk#kmtk*#«#*?*f*ﬁrﬁxkkk$
DEACTIVATION STUDIES USING N-OCTAVZ * ZY ONUKWULLI,O.D =*.

o o i = Ty = . T . e e e i = - — = — = — o — — =

g
w
O
]
1
4
£ .
S -
v
(k3
, w4
g
2
',

t‘IJ
Lot
v
t=]
£
&
L
5]
-
Q
e ]
D-
l:"‘

REAL XT(30),YT{30),ACT(30),YACT(Z0) CN{30},CP(3D),X{32}
RZAL CIS(BO;,ﬁu(JO),DEFC(SOJ,ERRLR{EG),flREA{BO},C hC{dJ)

REAL PX(30),0X(30) U | |
CPEN(UNIT=1,FILE='ONUL.DAT') - , !
CPEN(UNIT=2,FILE="CON')

IF(ITIME . EQ.0) GO TO 31 '
READ THE VALUES OF TOTAL CONVERSION AND YIELD IN REGULAR TIME -
INTERVALS STARTING WITH THE VALUES AT TIME ZQUAL TO ZERC |

DO 111 N=1,ND i

READ(1,55) XT(N),CN(N),CP(N),CIS{N}),EB{N),HX{N),PL),0X(N)

111 CONTINUE

WRITE(2,61)LEUN
DO 10 ¥=1,ND '
YT(KY=XT (X}
CALCULATE ACTIVITY FRGOM TOTAL CONVERSION
ACT(E)=YT(X)/YT(1)

10 CONTINUE

o
o

C

c

4

WARITE(2,62)YT(K),ACT(K) _ |
. ' |

i

DO 11 L
DO 12 M
DO 13 It

1,3 |
1,8

ILII I

1,3 “ ' L
NeL-1 t

kel

r

INDEX=N-IH-1
IF(INDEX.EQ.C)30 70O 13

SET THE INITIAL TOTAL AREA UNDER THE CURVE EQUAL TO ZER0 A3 WELL &

TEE SUMMATION GF THEE PRODUCT CF YT AND XT
YMSUM=0.0 :
XMSUM=0.0 : ' .
AREL=0.0 ) _ ;
XYS1=0.0 :
XY52=0.0
¥5QS1=0.0
X5Q82=0.0 .
X$1=0.0
X$2=0.0
¥S1=0.0
Y$52=0.0 ‘
DO 14 MN=1,ND :
X=M ;

CALCULATE CONCENTRATION OF THE PRODUCTS TO THE APPROPRIATE POVWER
CNUM=(27. 782% (CN(MN)** (N+IH) )= (0. 287*{EB(MN ¥k (N+IH))))
CDENi=1.0+0.7174%CN(MNY+{CIS(MN)/4.94)+(CP{MN)/1. 3193)4 LO/E
CDENZ2=(EB(MN)/4.46)+(0OX(MN)/9. 9)+(MX(MNJ/7 DY+ (BE(MNY/.2.22)
CDEN= (CDEN1+CDENZ ) #¥FLOAT(IH) r
CONC (MN)=CNUM/CDEN .
IF(N.EQ.1)GO TO 110 , : !
YACT (MN)=ACT (MN) ** (FLOAT (INDEX) /X) . 1

GO TO 120

o

Lﬁ
I
i

.CHECK ON DIVISICN BY ZERO DURING CALCULATICN QF DSACTIVATION FUNCTION

35
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110 YACT(MN)=1/(ACT(MN)** (FLOAT(IH)/X)) ' }
C FIND AREA UNDER THE DURVE USING SIMPSON'S RULE :
120 J=My-1 ‘

IF(J.EQ.0)GO TO 14 &

& XAREA (MN) =AREL+( ITIME* (CONC (MN)+CONC(J)))/((ND-1)%2)
‘ AREL=XAREA (MN) ;
C PARAMETERS TO DETERMINE THE SLOPE AND INTERCEPT OF THE GRAPH
C USING LEAST SQUARE FIT METHOD |
XY2=XAREA (MN) *YACT (MN) - S
XYS2=XYS2+XY2
XS2=XS2+XAREA(MN) |
. ¥S2=YS2+YACT (MN)
-+ XSQ2=XAREA(MN)**2 |
XSQS2=XSQS2+X5Q2 - f
14 °  CONTINUE - r
C CALCULATE INTERCEPT AND SLOPE |
SINT= (XYS2¥XS$2-Y52+¥XSQS2) / (XS2#*2~ (ND-1)*X5QS52) g
.. | SLOPE= ( (ND-1)¥XYS2-XS2¥YS2) /( (ND-1) ¥XSQ52-XS2¥*2) %
= ¢ NOW TEST FOR PERCENTAGE LINEARITY USING LEAST SQUARE METHOD
i XMEAN=XS2/ (ND-1) |
, YMEAN=YS2/(ND-1) F
| DO 15 IL=1,ND :
; IF(IL.EQ.1) GO TO 15 1
; XMSUM=XMSUM+ ( (XAREA( IL) -XMEAN) #%2) /FLOAT (ND) |
; YMSUM=YMSUM+ ( (YACT(IL)-YMEAN)**2)/FLOAT(ND) i
; 15  CONTINUE . L
] : XSTDV=SQRT ( XMSUM) ;
, YSTDV=SQRT (YMSUM) o
TEST= (SLOPE*XSTDV/YSTDV)£100.0 }
i~ C PICK MODELS WITH 99.9% LINEARITY OR BETTER S
2 IF(SLOPE.LT.0.0)GO TO 13 w
-~ IF(TEST.GT.99.8.0R.TEST.LT.-99.8)G0O TO 130
GO TO 13 . ”
130  IF(IH.GT.1)GO TO 140 | {
WRITE(2,63) | .
GO TO 150 E

i

i

|

| 140 WRITE(2,64) :

| 150 WRITE(2,65)N,M, IR %
WRITE(2,66)TEST, SLOPE,SINT |

I WRITE(2,67)

! ¢ NOW USE THE MODEL TO PREDICT ACTIVITY AND THE PERCENTAGE ERROR

[ DO 16 J=1,ND

IF(J.EQ.1)GO TO 16 |

YM=SLOPE*XAREA (J)+SINT . 7

IF(XM.LE.0.0) GO TO 18 {

DEFC (J ) = ( SLOPEXXAREA (J)+SINT)*x (X/FLOAT ( INDEX) )

ERROR(J)=(ACT{J)-DEFC(J))*100.0/ACT(J) L

WRITE(2,688)DEFC(J),ERROR(J)

CONTINUE _ :

GO TO 13 ‘ ' &

CONTINUE : :

CONTINUE ) ' |

CONTINUE : -

GO TO 1000 . .

FORMAT({4X,  ¥*x¥RUN NO. ', 13,7 %xkx * /2% *TOTAL CONVERSION/

[y}

4
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$ CEXP. ACTIVITY'). :
62  FORMAT(6X,F7.5,12X,F7.5)
63  FORMAT(4X,'SINGLE-SITE COKING STEP',/4X,23('-'),/)
64  FORMAT(4X,'DOUBLE-SITE COKING STEP’,/4X,23(°-'),/) .
65  FORMAT(4X,’NO. OF UNADSORBED GAS MOLECULES REACTING (N
$4X,°NO. OF ACTIVE SITES PARTICIPATING IN MAIN RN. (M) =
#4X,’NO. OF ACTIVE SITES PARTICIPATING IN COKING RXN (H)=
66 ~ FORMAT(4X,’PERCENTAGE LINEARITY s ’,F7.3,°%’,4X, SLOPE
$ E10.3,/4X,' INTERCEET = ’,E10.3)
67  FORMAT(/4X, PREDICTED ACTIVITY',6X,’% ERROR’)
68  FORMAT(8X,F10.5,11X,F3.5) -

50 FORMAT(313)
55 FORMAT (8F6. 3}
31 STOP

END
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DET OF CATALYST COKING DFAC"IVATIPN
*x****k**P**kk*k*#***k****k********x*x**k*k(v***k*i**k*?**kkxkttr*x
DEACTIVATION STUDIES USING IoO_OCTﬁNH « BY ONUXWULI,O.D k!

30),ACT(390),YACT(30),CA30),0B(30)

QA a

REAL XT(30)

REAL DEFC(30), |
OPEN(UNIT=1,FILE=’ONU3.DAT") 1
OPEN(ONIT=2, FILE=’PRN’) : ]
o

!

N

(T{
ERRCR{30), XﬁPté(SO) CONC(30) -

1000  READ(1,50) ITIME,ND,LRUN
‘ IF(ITIME.ER.0) GO TO 31
C READ THE VALUES OF TOTAL CONVERSION AND YIELD
G STARTING WITH THE VALJES AT TIME HEQUAL TO ZEROC
DO 111 N=1,ND ,
READ(1,55) XT(H)
111 CONTINUE
WRITE(2, Sl)LRUN :
DO 10 K=1,ND ' !
YT(K)=XT(K) : f
CB(K)=XT(K) ;
CA{K)=1.0-XT(X) ’

IN BEGULAR TIME I

C CALCULATE ACTIVITY FROM TOTAL CONVERGION .
ACT(K)=YT(K)/YT(1) ;
WRITE(2,62)YT(K).,ACT(K) .

10 CONTINUE
DO 11 L=1,3
DO 12 ¥=1,6 f
.DO 13 IH=1,3 |
N=L-1 :

C CHEEGK ON DIVISION BY ZERO DURIVG CALCULATICN OF DVACTLVAL N FUNCTION
INDEX=N-IH-1 . '
IF(INDEX.EQ.G)GO TO 13

C SET THE INITIAL TOTAL AREA UNDER THE CURVE EQUAL TO ZERO AS WrLL A5

'C THE SUMMATION OF THE PRODUCT OF YT AND XT : f
YMSUM=0.0 |
XMSUM=0.0 ! : ;
AREL=0.0 | . f
XYS1=0.0 : | :
XY¥$2=0.0 ;
X5Q51=0.0 !

X5Q52=0.0 i
X51=0.0 o _ : F
X52=0.0 !
Y51=0.0 i
¥52=0.0 | | ;
DC 14 MN=1,ND . : I
=M i
. CALCULATE CONCENTRATION OF THE PRODUCTS TO THE APPROFRIATE POWER
CNU&=(272.20*(CA{MN))**(N+IH)) (0.3774(CB(MN) ) (N+IH))
CDEN=(1.0+11.960%CA(MN)+{3.52E-04%CB(MN) ) )**FLOAT(IH) ;
CONC "fuT) C\Tuu/u.ﬂb; ] |
IF(N.EQ.1)G0 TO 110 _ i
YACT(MN)ZACT(MN)**(FLOAT(INDEX)/X) : ;
GO TO 120 o
110 YACT(MN):I/(ACT(MN)**(FLOAT(IH)/K)) !

.k. .
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C FIND AREA UNDER THE CURVE USING SIMPSON’S RULE _ i

f 120 J=MN-1
; IF(J.EQ.0)GO TO 14
b XAREA (MN)ZAREL+ ( ITIME* (CONC (MN)+CONC(J)))/( (¥D~1; «2)

AREL=XAREA(MN) _
€ PARAMETERS TO DETERIMINE THE SLOPE AND INTERCEPT OF THE GRAPH
C USING LEAST SQUARE FIT METHOD
XY2=XAREA (MN)¥YACT (MN)
XYS2=XYS2+XY2
XS2=XS2+XAREA (MN)
YS2=YS2+YACT (MN)
XSQ2=XAREA (MN) kk2
¥5Q52:X5QS2+XSQ2
14 CONTINUE
C CALCULATE INTERCEPT AND SLOPE
SINT={XYS2¥XS2-YS52%X5QS2) /(XS2*%2- (ND-1)+XSES2"
SLOPE= ((ND-1)*XYS2-XS2%YS2) /( (ND-1)*XSQS2-X52%+2)
. C NOW TEST FOR PERCENTAGE LINEARITY USING LEAST SQUAREL MZTHOD
e ot XMEAN=XS2/(ND-1)
YMEAN=YS2/(ND-1) | |
DO 15 IL=1,ND :
IF(IL.EQ.1) GO TO 15
XMSUM= XMSUM+ ( ( XAREA (IL)-XMEAN)**2) /FLOAT(ND) | '
YMSUM=YMSUM+( ( YACT (IL)-YMEAN)*2) /FLOAT(ND)
15  CONTINUE
XSTDV=SQRT( XMSUM)
YSTDV=SQRT (YMSUM)
| TEST= (SLOPE4XSTDV/YSTDV) %100 .0 - 1
C PICK MODELS WITH 99.9% LINEARITY OR BETTER ‘
"~ IF(SLCPE.LT.0.0)GO TO 13 - - - ;
IF(TEST.GT.87.0.0R. TEST.LT.-99.8)G0 TO 13¢ ;
GO TO 13 ;
130 IF(IH.GT.1)GO TO 140 R
WRITE(2,63)
GO TO 150
140  WRITE(Z,64)
150  WRITE(2,65)N,M,IH
WRITE(2, 66 ) TEST, SLOPE, SINT
WRITE(2,67)
C NOW USE THE MODEL TO PREDICT ACTIVITY AND THE PERCENTAGE ERROR
DO 16 J=1,ND
IF(J.EQ.1)GO TO 16
XM=SLOPEX*XAREA(J ) +SINT
IF(X4.LE.0.0) GO TO 16
DEFC(J) = { SLOPEXXAREA (J ) +SINT ) %% (X/FLOAT ( INDEX) )
ERROR(J)=(ACT(J)-DEFC(J))%100.0/ACT(J)
WRITE(2, 68)DEFC(J),ERROR(J)
CONTINUE
GO TO 13
CONTINUE
CONTINUE
CONTINUE
GO TC 1000
FORMAT (4X, * #¥*RUN NO. *, I3, %kkk ' /2X,’ TOT:
§ EXP. ACTIVITY’) .
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62 FORMAT(6X,F7.5,12X,F7.5)

63 FORMAT(4X, "SINGLE-SITE COKING STEP’,/4X,23(°-7),/)

54 FORMAT(4X, 'DOUSLE-SITE. COKING S5TEP', /4X,23('-"),/)

65 TORMAT (4%, ’NO. OF UNADSOREID GAS MOLECULES REACTING
$4¥X,'ND. OF ACTIVE SITES PARTICIPATING IN MAIN RAN. (M
#4%,NO. OF ACTIVEZ S5ITZE DA?“TRI?ATIMG N POiiNF REN (L'

£h FORMAT(4X, "PERC NTﬁC* LINZARITY = °,F7.3,°% ,4X,'3LO
$ E10.3,/4%,' INTERCEPT = ',E10.3)

87 FORMAT( /4%, PREDICTED ACTIVITY',6%,'% ERROR’)

69 FORMAT(3X,F10.5,11%X,F9.5)

50 FORMAT(313)

55 FORMAT(¥6. 3)

31 STOP

END
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NOMENCLATURE

MCP

MCP™
CH™
CH

LC

ECG‘V

MCPS
MCP=S
CHS
CHS
£C ¢S

IC =S
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Methylcyclopentane

Methylcyclopentene
Cyclohexene
Cyclohexare

Hydrogenolysis products

Olefinic hydrogenolysis products

Benzene

Active Siﬁe.

adsorbed Methylcyclopentane

Adsorbed Methylcyclopentene

adsorbed Cyclohexené‘
Adscrbed Cyclohexane

Adsorbed hydrogenolysis Products

Adsorbed Olefinic Hydrogenolysis
Products

Rate Constant

Equilibrium Constant
Rate of reaction

Adsorbed benzene

RS




&
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Eﬁ

cp

MX
CX
PX
NS
IS~

EBS

0xs

S
MXS5
PXS

PHz
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Normal Octane
= Hydrqcracked Products
= Iso Octane
= Ethyl Benzene
= .Meta Xylene
= Qrtho Xylene
= Para Xylene
= Adsorbed Normal Octane
= Adsorbed iso Octane
= Adsorbed Ethyl Benzene
= Adsorbed Ortho Xylene
= ‘Free Active Site of Catalyst
= adsorbed Meta Xylene
= - Adsorbed Para Xylene

= Hydrogen partial pressure

N-OCTANE REACTION PRODUCTS

1.

Iso-0Octane .
Hydrocracked products
EthylbenZene.
0-xvlene: .

= x¥lene

M~ xylene

'Tbluenei'
= ISO1' = Iso Octane (Reactant)
= Is_o1 = Iéo Qctene (Formed from reactanf)

Iso Octene {(That which formed Product

1l
0.

Iso2

e e e e e —

N —— =
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Iso Octane (Product)

B = Iso, =
1 = active site (metal)
S = active site (acidic) ' - f
Al = Adsorbed Iso Octave Y{Reactant) on metal site. ;
- !
M1 = Adsorbed iso octane (formed from reactant) :
. on metal site _ !
N1 = Adsorbed iso Octene (That which formed product) :
‘on metal site. !
i
Bl = Adsorbed iso Octane (That which forms product) ;
on metal site) ;
T
MS = Adsorbed iso octene (formed from reactant) on !
acidic site !
i
NS = Adsorbed iso octene (That which formed product) |
on acidic site). !
i
PN = Methylcyclopentane partial pressure !
. ° !
. !
P, = Iso-octane partial pressure {
iso _ ,
ki = rate constant ' ;
) : !
K, = equilibrium constant -
' H
A = Reactant :
. : {
) !
M. = Reactant that forms coke precursor (If only cne .
reactant A is present A=M) ,
‘
2 = active site- i
CAE CRE'CML = Concentration of the species M2, Ag and RE
on the surface of the catalyst. ' :
I
CE = (Concentration of vacant active site ;
n = number of molecules in gaseous phase which react
' with h molecules adsorbed to give the coke precusor
!
¥ = deactivation function ;
m = number of active sites involved in the controlling

step of the main reaction

P = (Coke precusor
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PyiPy = forms of coke
P = Partial pressure of m
a = Catalyst activity
' i
kd = deactivation constant
- KprKp/K = equilibrium constants of A, R. M %
T
r
Xn = KK Km |
Ny ’ L . - . + . L
7 ‘ Kn - KiKa 7 KKKy ' -
Y = Relates the micropores in which deactivation takes

place by both the site converage and poreblockage '

| G/V = number of sites per micropore

f . . ‘
; S (Froment) = Activity of catalyst at time t , i
) . | . |
; 8 = 3tandard deviation i
f
fu. i
r {
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