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ABSTRACT

The determination of the kinetics of any chemical process is a very
vital aspect in any chemical engineering study. Thus, the aim of this research
work is to study the kinetics of butax‘]e‘ cracking, presenting a Kinetic model
which shows a reaction mechanism having its derived hypothetical rate
expression correspondi‘ng to a rate expression obtained experimentally, with
the resistances controlling the catalytic reaction, and the effects of
concentration, temperature, catalyst type and weight determined.

The research methodology involved charging different weights of

zeolite catalyst into a prototype fluidized bed reactor with the products (the

: five major products were hydrogen, methane, ethane, ethylene, and

propylene) collected in petroleum ether in sample bottles. The differential

 method of analysis of kinetic data was used and a first order rate constant
' k=2.85 m’/hrkg, and a rate equation with respect to disappearance of
1 butane, -R,=(2.85 m’/hr.kg) (Cy, kmol/m’), with its corresponding activation

energy E=299.7 kJ/kmol (54.9 kcal/gmol) obtained. Diffusion of butane gas

through the gas film controlled the catalytic reaction, thus becoming the

rate-limiting step.
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CHAPTER ONF
1.0 GENERAL INTRODUCTION ‘
Availability of natural gas, petrolcun and petroleum products as well as their production
processes has become key factors in the development of our sociely and the world. Petroleum

was first discovered in Nigeria in 1950 at Oloibirt m the Niger-river delta by Shell-BP

1 petroleum developmient company, Nigerta, and cever stnee, Nigeria has become sub-Saharan

1 Africa’s most rapidly developing country.

Petrofcum  and  natural  gas consists ol complex hydrocarbon compounds. These

thydrocarbons arc organic compounds containing only carbon and hydrogen atoms, and they

{arc a very large group with many members having great industrial importance, serving, as
‘ fuels, sources of energy and raw materials for chemical and petrochemical industries.
j('mcking is onc ol the refining and converston. process used to produce better quality fuels
fand other hydrocarbon products.

Basically, cracking is a process i which high molecular weight hydrocarbons are
';plit into hydrocarbons with lower molecular weight. Over the years, thermial cracking
brocesses have been modified (o catalytic cracking to suit (li(‘[‘crcm. raw matertals and have
cen applied to a wide range of industrial and laboratory reactors.

Since the onset of catalytic cracking, there has been a gradual replacement of natural
flays as catalysts with synthetic clays i.c. the amorphous stlica-aluminas, which in turn have
ccn fargely replaced by the synthetic crystalline zcolites. These improved catalysts greatly
creasc the rate of chemical rcaction without themsclves (i.c. the catalysts) being affected by
fc reaction.

In the quest to advance and optimize pcl.m]cum refinmg and conversion with catalytic
wking as a stepping stone, many modifications have been suggested in reactor design and
! fluidized bed reactor 1s now widely used for gas-solid \Cuiulyxcd system which applies to
1
idization in which gas-solid and liquid-solid system have the solid phase subjccted to

ave morc or less like a Nuid by the upward movement of gas or liquid stream through the

1 of solid particles.

FFor any particular chemical process such as hydrocarbon cracking, operating under
yopriate conditions, feed materials maybe transformed into new and different species as
Jucts. Chemistry is used to study such processes especially when chemical reactions arce
lved which leads to the establishment of the kinetics of the process. Thus, chemical
ics is the study of the time dependent behaviour of chemically reacting systems with the

v
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cracking of butanc over zeolite catalysts. The fluidized bed utilizes the principles of
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major concern of the measurement of the rates of reaction and thenr mterpretation, also

probing the more fundamental questions relating g to the behaviour of the chemieal reactions

PP

and the factors affecting or controtling the reaction or process.

i

L LTJUSTIFICATION

This study was carried out and the importance and advantages of such study, which has
- no bounds. can be summarized as follows:

v

Fo The gain of better understating of the kinetic model and reaction mechanism, of a

very important industrial process i.c. the cracking of hydrocarbons present in different

raw matcrials.

: 2. This understanding will provide a process engineer with the knowledge of the

optimum conditions needed for maximum yicld of the products at lower costs, with !
the attendant advantage of the fluidized bed reactor having a reduced-poltution effect. :
i1

o 3 A thorough understanding gained from the study will equip the design engineer to

! :
| construct a more realistic and useful cconomic analysis o the process during, detailed
| design saage. :
%

i

40 Insight ganed by this study will aid the semi-emperical approach m modeling the

1

% process and subscquently ensure proper control of the system.

§ 5. Fudings from this study can be corroborated with pilot plant studics on the project

% topic, thus enhancing scale up of pilot plants.
!
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1.2 SCOPE

The scope of this study dwells on the following:

1. Proposing of a hypothetic kinctic model and a reaction mechanism from which a
theorctical rate expression is obtamed from the model.
2. The batch wisc operation of the prototype Quidized bed reactor operating without a
regenerator.
3. Finding the experimental rate cquation based on the unit weight of catalysts with the
mecthod ol differcntial analysis conforming to that of a plug llow reactor.
4. Evaluating the temperature dependent term i.e. rate constant k, and the activation
cnergy E of the reaction.
5.

Testing for the resistance that controls this gas solid catalyzed system with methods
given in literature.

1L.3OBJECTIVES

1. To determine experimentally the rate cquation for the disappearance of butanc in its
catalytic cracking carried out in a laboratory prototype Quidized bed reactor.
2.

To propose a reaction mechanism and kinctic model fro the catalytic cracking of

butanc, mvestgating the agreement of the proposed kinctic model and the rate
equation obtained.

3.

To provide explanations on the effects of concentration, temperature, catalyst type
and weight on the reaction rate of the catalytic cmck\ing ol butanc.

4. To determine the resistances that control the catalytic reaction, thus giving the rale-

limiting step of the catalytic reaction.
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CHAPTER TWO
2.0 LITERATURE REVIEW

2.1 BRIEF HISTORY

The conversion of petroleum o its many products bearig in mind the presence of it the

e SR A S

compliex hydrucarbons in its mixture has brought about breakthroughs w scientific and
engineering fields. Among the conversion process, cracking plays vital roles with the main
objective of converting heavy petroleum distillates to lighter ones.

Thermal cracking,

S

which is the earliest process, was achieved by the appropriate

application of heat alone. It can also be referred to as pyrolysis. Hts use began in 1912

(Encyclopedia of Science & Tech., 1982). Engincer Eugenc Houdry in the 1920s showed that
better quality product could be obtained by treating heavy distilfates at high temperatures
with acidified montmorillonite clays and this led to the introduction of industrial catalytic

cracking in 1936 (Encyclopedia of chemical Tech., 1981). In 1926,W.W.Odell, developed a

catalytic cracker based on the process of fluidizing a bed of particles, with the indusial
fluidized catalytic cracking unit (IFCCU), starting operations in lely Town Texas m 1942

(Perry ct al, 1997). Zeolite catalysts with time replaced the initial clays and the amorphous
silica aluminas.

| The development and breakthroughs in petrolecum and petrochemical industries brings
‘%o the fore the pertinent need to study the chemical kinetics involved in the cracking of
iomplex hydrocarbon mixtures. Kinctic parameters for the pyrolysis (thermal cracking) of n-
tane has been reported by several investigators and they were obscrved to have their order

“reaction vary between land 1.5, and their activation cnergy within 219.7 keal/gmol o
78.7 keal/gmol. (SUSU. A.A, 1997).

2 BUTANE

Of the divers groups homologous scries present within the family of hydrocarbons,
anc falls into the group of parallinic alkanes. It is a colorless, odorless, gascous
f}ilrocarbon with molecular formula C4H,, and it exists either as normal butane or isomeric

ane. In terms of reactivity, butane undergoes only substitution and decomposition

ftions. Butane can be used as the primary content in domestic gas. Cracked products of

‘3118 can be used n polymerization to obtain raw materials for petrochemical industries.

e i S S
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2.3 CRACKING

Cracking is a process widely used in the petroleum industry to split higher molecular

werght hydrocimbon to fower molecular weight. Crackmy, can be thermal, hydrocracking, or

catalytic. ’

2.3.1 THERMAL CRACKING

This is a process in when the carbon-to-carbon bonds of hydrocarbons arc broken by
the action of heat alone. 1t consists essentially of the heating of petroleum or any of 1ts
fractions to a temperature (usually above 450°C'y at which substantial thermal decomposition

takes place. There are a number of refining processes based on thermal cracking; they

. generally operate at ow pressures and high temperatures.

2.3.2 CATALYTIC CRACKING

In this process, the hydrocarbons are split to fower molecular weights i the presence
of acidic inorganic substances called catalysts. This is the major process used throughout
most of the world oil industry for the production of high-octanc quality gasoline. Engincering
advancement have brought about the transformation from the imtial (ixed bed catalytic

cracking to moving beds and finally to flmdized bed catalytic cracking. During catalytic

i:mcking, all-volatile carbonaccous materials arc deposited on the catalyst surface as coke and
turnced off during regencration.

Catalytic cracking has the advantages of producing maximum yiclds, improved
pality products, reduced process time and increased rate of reaction by lowering the

flivation energy. With time, the catalyst lost their activity and this is the major disadvantage

catalytic cracking.

‘*.3 HYDROCRACKING

This is a catalytic high-pressure pracess {lexible enough to produce high octanc
joline or aviation jet fuel. The process is achicved by passing oil feed together with

rogen at high pressure (6894Kpa  17236Kpa) and moderate temperature (260 400"C)

b contact with bifunctional catalyst comprising an acid solid and a hydrogenating metal

aponent.

%
i

ki

o



2.4 CATALYSTS

A catalyst is a substance that alters the rate of reaction of any chemical reaction of any
chemical process. The use ol catalysts enables the rate ol reaction to be mercased by
thousands and somcetimes millions of times by lowering the activation cnergy (i.c. energy
required for bonds in the reactants to break so that reaction interactions can be initiated) with
its sclective property improving the cfficiency and cconomics of the process.

Catalysts become deactivated when they, loose their ability to crack the leed to lower
boiling fractions. If deactivation is causcd by a deposition and physical blocking of thé
surface 1t is termed FOULING, while removal of (he solids deposited s termed
REGENERATION. If the catalysts surface is slowly modified by chemisorptions (a chemical
surface retention process in which weak chemical bonds arc formed between liquid or gas

molecules and a solid surface) on the active sites, which are not easily removed, then the

i process 1s called POISONING. If there is gradual wear away of the surface (ATTRITION)

due to flow past the catalysts, the catalysts is said to be AGEING.

The activity of a catalyst is the ability to crack the feed to a lower boiling fraction.

1 Yield is the amount of specified product in a given process per mole of reactant consumed.

Selectivity 1s the number of moles of desired product formed per mole of undesired product

Hormed.

Cracking catalysts must have the following essential propertics:
i) A chemical composition capable of maintaining a high degree of acidity.

0) A physical structure of high porosity and large surface arca for pi'OpCl' contacting with

the reactant.

1) High selectivity and activity.

) Mechanical durability for its industrial usc.

» ZEOLITES
The zeolites arc aluminosilictacs that contain alkali and alkali carth metals such as

ium, potassium and calcium as well as water'molecules within their structural framework.

by are relatively porous catalysts with cation exchange and reversible dehydration

perties enabling them to act as molecular sieves i.e. having ability to.separate molecular

tures based on their size and/or for the selective adsorption of gases.
) ‘
i More than 30 distinct species of zeolite occur in nature with numerous  zcolite being

Qlesized. These synthetic zeolites are preferred over natural ones because of their uniform

?lcal composition. These crystalline catalysts have cracking activity 50-100 times that of
!

0
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amorphous catalysts permitting greater conversion with less coke deposition. They are more
resistant to thermal degradation, having a configuration that alfows for the recovery of heat of
combustion. ‘
A typical example of zeolite is the zeolite 13 x which has the formular:
Nllx(, [(/\H)g )x(, (SI ()z)m(,J. 2067 ”7()
And the other zeolites have a similar general formula and the choice of zeolites depends on

cracking reaction to be undertaken (V.N Erikh ct al, 1988).

2.6  FLUIDIZED BED REACTORS

Fluidization converts a bed of solid particles into an expanded suspended mass that
has many propertics of a fluid. This is achicved duc to the fact that a fluid owing upwards
through a bed of solids excerts a certain force on the bed opposite o gravity. When gas is
passed upwards through a bed of solid particles, friction C\:IIISL‘S a pressure drop. As the gas
velocity 1s mercased the pressure drop incereases until it cquals the weight of the bed divided
by the cross-sectional arca. At this point, the velocity is called minimum fluidizing velocity.
The bed continues to expand uniformly until at some higher velocities when bubbles will
form. At this point we have the minimum bubbling velocity, and the bubbling fluidized bed.
Thus, the vartation of inlet velocities, play an important role n the determination of the
kinctics of the process.

For a fluidized bed rector with an incorporated regencrator, the high rate ol transfer
ol solids between the regenerator and the reactor permits a thermal balance between the
exothermic burning of carbon in the regencrator and the endothermic cracking of the
hydrocarbon feed i the reactor. The usc of the rcactor result in much lower gas and solid

back mixing and an approach to plug flow reactor.

2.7 CHEMICAL KINETICS

Chemical kinctics involves the study of the modes and mechanism of reactions, the
physical and energy changes involved, and the rate of formation of products. It scarches for
the factors that influence the rate of reaction, measures the rate and proposes cxplanation for
the values fouid. The factors aficcting the reaction rate could be the concentration of the
reactants, the pressure, the temperature, the nature of catalyst involved il any, the type and

nature of the reaction considering also the resistance controlling (he process.

'




2.7.1 KINETIC MODELS
Reactions do not normally proceed as written. Reactant progress to products through a
scquence of clementary steps that involves reactive intermediates. This progression ol
rcactants (o products through a scquence is known as REACTION MECHANISM. Thus,
among the many objectives of any kinctic study is the determination of the reaction
mechanism of the process reactions. This can be achicved by proposing a kinetic model for
the steps involved in the reaction and obtaining a final rate of rcaction whereby the rate of
formation or disappcarance of intermediates have been properly taken care of, with the
rcaction mechanism taking cognizance of the chemistry of the formation of termediates
with the attendant interactions which bring about the reactions chain initiation, propagation
and termination.
To explain the kinctics of many processes, we assume that a scquence of clementary
reactions are actually occurring, but that we can not measure or observe the intermediates
formed because they are only  present in minute quantitics. Thus, we observe only the initial

reactants and final products, or what appears to be a single reaction.

2.7.2  RATE OF REACTION

The rate of reaction is measured experimentally by following the concentration of
some reactant or product involved in the reaction as a function ol time as the reaction
proceeds from a non-cquilibrium state to an cquilibrium state. It can be expressed as the rate
of decrcase of the concentration of a reactant or the rate of rate of increase of the
concentration of the product. The rate of reaction can be written in many forms but based on

volume of catalysts and weight of catalyst we have:

R, = 1 dNi = (Moles of 1 formed) (N
Vp dt (volume ol particles) (time)
And R, - 1 dNi - (Moles of 1 formed) (2)
w dt (Weight of solid) (time)
With Ry Vp=RW (3)
Where R = ratc based on Volume of catalyst particles

R; = rate based on Weight of catalys!.

‘



When we have a reaction involving Reactants AB-----, the rate of disappearance of A 1s

given as:

Ry I\'(‘i/l\ (‘}’3 (4)
Where k rate constant

Ca = concentration of recactant A

Cy = concentration of reactant I3

We call the powers to which the concentrators are raised the Order to reaction.
ath order with respect to A
bth order with respeet to B
nth order overall.
2.7.3 ARRIIENIUS’ LAW
To obtain rate equations with a significant high accuracy there is need to correlate the
experimental result with the theories involved in the determination of the kinetics of behind
any process. Arrhenius law is a good approximation to other theories, in determiing, the
temperature dependent term i.e. the rate constant k(levenspiel, 1972).
For many reactions, the ratc cxpression can be writlen as the product of the
temperature dependent term and composition ic.
R = i (temp). f; (composition) (5)
Ri = k f; (composition) , | (0)
For such rcactions, (he rate constant has been (ound to be well represented by

ARRIENIUS LAW:

k = koe““/'“ (7)

where ky = frequency or pre-exponential factor

L = activation cnergy

R = gas constant

T = tcmperature

This cxpression fits experiment over wide temperature ranges and is strongly
suggested from various standpoints as being a good approximation to the truc temperature

dependency. (Levenspicl 1972).

9




2.7.4 RESISTANCES IN SOLID CATALYSED REACTIONS

In developing rate expressions for catalytic reactions we account for the vartous
processes that may causce resistance to the reaction. For a single porous catalyst we may
visualize these as follows:
Gas film resistance: Reactants diffuse from the main body of the fluid to the exterior surface
of the catalyst.
Pore diffusion resistance: Duc (o the fact that the mterior of the pellet contains so much
more arca than the exterior, most of the reaction takes place within the particle. Therefore
reactants move from the pores into the pellets.
Surface phenomenon resistance: At some point in their wanderings, reactant molecules
becomes associated with the surface of the catalysts. They react to give products which are
then released to the Tuid phase within the pores.
Pore diffusion of products: occurs when prdducls move [rom the mouth of the catalysts
pores unto the main gas stream.
Resistance to heat flow: for fast reactions accompanied by large heat relcase or absorption in

which the flow of heat 1s not fast cnough to keep the pellet isothermal.

2.7.4 INTERPRETATION AND ANALYSIS OF KINETIC DATA

The determination of the rate equation is usually a two-step procedure. First, the
concentration dependency is found at fixed temperature, and temperature dependence of the
rate constant is found yiclding a complete rate equation.

To explorc the kinetics of catalytic reactions (examplified in this study) the plug flow
ts commonly used where the axial mixing introduced by the flow between the solid particles
ts considered to be neglible, with the Mlow being orderly and no clemént of luid overtaking or

mixing with any other element ahcad or behind.

2.74.1 INTERGRAL ANALYSIS

In integral analysis of kinetic data, a specific mechanism with its corresponding rale
cquation conforming to its flow pattern (i.c. either plug flow or mixed flow) is put to test by
tegrating the cquation. In this approach a scries ol cxperimental runs with fixed initial
concentration witl catalyst weight and molar rate arc obtained in such a manner that a wide
range of the ratio of catalyst weight to molar ratc is obtained with the conversion. The
cquation to be tested is sclected and performance cquation integrated according to ils {low

pattern. A graph of ratio of weight to molar rate is plotted against the integral performance

10




cquation, 1f a straight line 1s obtained passing through the origin, then the equation

satisfactorily fits the data.

2.7.4.2 DIFFERENTIAL ANALYSIS

In this method, a series of experimentgl runs is made using a fixed feed but with
varying molar rate and/or catalyst weight. A plot of conversion versus ratio of catalyst weight
to molar rate is used to obtain slopes, which will be plotted against the corresponding
concentration value. If this plot 1s lincar and passes though the origin then the cquation
satisfactorily fits the data. Alternatively, the change in conversion at each concentration value
is divided by the ratio of the weight to molar rate. The value obtained is plotted agamst the
corresponding concentration value if the plot is lincar and passes through the origin then it

satisfactorily fits the data.

2.74.3 DETERMIANTION OF THE ACTIVATION ENERGY
From the Arrehnius equation k = koc"i/RT, the activation energy can be determined

experimentally, by carrying out the rcaction at several temperatures. Taking the natural

logarithm of the Arrehenius equation then we have,
In k =Ink, - k i (8)
0 R 1

Plotting In k versus (%) at the different temperatures gives the intercept as in ko and slope
:T of the resulting downward graph. Multiplying the value of the slope by the gas constant

R, gives the activation energy E of the reaction.

2.74.4 DETERMINATION OF THE RESISTANCE THAT CONTROLS THE
REACTION

(a) Gas film resistance: to test whether {ilm resistance controls, we compare ko, Vp versus

km SL‘X.

Observed rate _ k obs VP )
rate if film resistance controls Km Sex

.

11




R Coo v
kobs Vp ( Mb,obs_/_b_gj P

SO0 (10)
Kim Sex Kin Sex

where kons = rate constant based on observed reaction rate

Vp == volume of catalyst pellet

kw = mass transfer coclficient

Sex = unit extenior surface ol catalyst pellet

-R = reaction rate based on volume of catalyst

b, obs

Che = concentration of butane gas at inlet gas stream.

If kons Vp is much smalier than k,, S, we ignore the resistance to mass transport
through the film. If the two terms arc of the same magnitude we suspect that the gas Nilm
resistance affects the rate (Levenspicl, 1972).

(b) Strong Pore Diffusion:

for no pore diffusion resistance

R 2
-R L
[ b, obs )

where D¢ = cffective thermal diffusivity
L = characteristic length of catalyst pellet

volume of pellet

= RO PO (13)
exterior surface arca

(¢) Temperature Effects
(1) Film AT: The whole pellet may be hotter (or cooler) than the surrounding fluid.

and the temperature change is given as



I( -R b.obs ) ("* A“l)

l Fitm hn ' (14
where (- Alir) heat of reaction
h heat transier coclficient
T )
but  Allr = Allf + R j —(~P- dT (15
Io
. T 2 =2 e
AlIr = AL + R | (A + BT + CT2 4 D1 jdl (16)
T
0

C'p = Spectlic heat
A, B, C and D, arc constants for determination of spéciﬁc heat at reference
temperatures (J.M Smith, 19906).
AT = change in standard heat of formation.

(2) Within Particle AT:  there may be temperature vartations within the pellet and the

Cxpression Is given as

Ker = cllective thermal conductivity



CHAPTER THREFE
3.0 KINETIC MODEL FOR BUTANE CRACKING
The reaction mechanism for the cracking of butanc invelving the mitiation,
propagation and termination steps s illustrated below. The major products of the eracking

reaction are hydrogen, methane, ethylene, cthanc and propylene.

INITIATION: 4y —————-» (3 Hs. + Cylls, (3.1)
Callyg ————p CiHy 1 Cll (3.2)
PROPAGATION: CoHg + CsHyy —» CoHg + CaHo (3.3)
CHy 4 Cyllyy —» ClLy 1 Cylly (3.4
Cally ———p Gyl 1+ Colls (3.5)
CyHo ——p C3Hg 4+ Coly (3.0)
Cylly ——————> Cylly + 11 (3.7)
Cylls > Ol + 1 (3.8)
H+C 4Hyy ——» H, 4 Cyty (3.9)
Cilly ——————> i, + U (3.10)
GF} § F—— 1§ P N E (3.11)
TERMINATION: Cyls 1+ Calls —— g+ Colly (3.12)
Colls 1 Colls . Calljy (3.13)

At the inibiation stage the butane molecule’s bond are broken to give radicals or
intermediates. |

At the propagation stage, the radical cither undergoes bond cleavage and form
products, or radicals still combine with the butane molecule to give products.

At the termmations stage two radicals combiie (o form the products and this leads to
the end of the cracking reactions.

A three-step mechanism is hypothesized to explain the kinetics of the cracking of

butane.

[. Diffusion of gascous butanc B through the film surrounding the catalyst pellet Z:
1([

F? BZ 3.14

2. Penetration, diffusion and recaction within the pores of the catalyst to form products on”

catalyst surfacc
1

K
BZ :{;" Pz 315



3. diffusion of products through the gas  film surrounding the catalyst into the products

streant,

|

P . =P P 3106
Where B = butanc “ |

Z = catalyst

B7, = butanc on catalyst surface

PZ, = products on catalyst

P = products
From cquations (3.14) to (3.10) the rate of butane cracking is hypothesized, starting with rate
of formation of PZ, with squarc bracket uscd to indicate concentration.
R, =k [Pz] -k, [BZ]+k, [PlZ]- K |P7]
R, =k -k)Pz]-k, |BZ}+k [P)Z]

Assumming that R,, =0, since ils concentration is very small,then

=[P o "

G hs ) 0K
Also
R, =k [Blz)-k, [BZ]+ &, [PZ]-k [BZ]
at R,, =0, since its concentration is very small then

[37]= (—{‘L—j [R}[Z]Jr[ /‘4—~] A4 318

k,+k, k, +k,

BZ

aso R, =k, |BZ] - k[B]Z] 3.19
substituting (3.18) mto (3.19)

R, = (_/.‘_'fcl

ey +k, } [B}[Z] L(*kj—ki—} [[)Z]“kr [B'HZ] k 3.20

ke +k,y

substituting (3.17) into (3.20)

kik k, k k A ‘
R, = 2 BIZ 2746 ol 71| 20 7
I [/(‘ +k2} [ ][ 1+((k3_ks)(k1+kz)j[l H7J L k.\“/‘s)(/(x7“/‘7)][”/]

— &, |8)|17} 3.21

With the assumption that k, is very, very small then equation 3.21 reduces to
Ry = -k [B][Z] 3.22
Since the concentration of the catalyst is constant, let k = k; {Z]

Where k = rate corstant with respect to the disappearance of butanc

-Ry = k [B] 3.23




3.23

- R|; = k [BJ
From cquation (3.23) the hypothetical ratc of disappcarance of butanc is

- Ry= k[B]
Thus, the three-step mechanism for butane catalytic cracking is:

B47 ———» 17,
>y

4 —
PZ % Pz

7.

1o




CHAPTER FOUR
'1() RESEARCH METHODOLOGY

i1 CXPERIMENTAL DESIGN

Fo determine the kinctics of the cracking of butane over zeolite catalyst, this

xpertment was carried out using a prototype laboratory scale fluidized bed reactor with the
i of obtaining a rate expression for butane cracking with the temperature dependent term
md concentration dependent term evaluated, and (he resistance controlling the catalytic
rcaction determined.

i The parameters of the experimental set-up are;

1. Reactor internal diameter, dint= 0.0853m
il. Reactor external diameter, dext = 0.27m
M. Catalyst diameter, dp = 250 mm

Iv. Catalyst density. PP = L.12g/em’

For the batch process with a constant reaction time of 5 minutes, the vartables are

i. Catalyst weight
t. Gas {Tow-rale
. (ias pressurc
v. Temperatuie

4.2 EQUIPMENT / APPARATUS AND MATERIALS
The equipments used as shown is the diagram (fig 4.1) are
a. Prototype fluid catalytic reactor.

b. Cyclone

c. Gas cylinder

d. Thermometer

e. Retort stand and clamp

[, Samplc bottles

g, Stop walch

. Weighing balance

i.  Mecasuring cylinder

j.  Heat regulator

Materials Used
a. Butane gas
b. Pctrolcum cther
c. Zcolite catalyst.
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4.4 EXPERIMENTAL PROCEDURE

d.

d.

50g of the zeolite was charged into the reactor.

A 25ml of petroleum ether (40-60°C') was measured and pourcd into the sample bottle
and conneceted o the eyclone through a delivery tube as shown in the dragram,

The reactor was heated to a temperature of 42°C using the heat regulator.

The butane gas control valve was opened and (he gas low-rate maintained at 2-
litres/min and gas pressurc of 1.6bar,

After Sminutes of reaction, the cracked product was collected in the petroleum cther.
The gas valve was then closed and the sample bottle detached and Tabeled STRT (S
indicates the temperature range, and R indicates catalyst weight).

A fresh 25ml petroleum ether (40-60"c) was poured into u' new sample bottle and
connceled to the apparatus. A catalyst weight of 60g was charged into the reactor. The
Tow-ratc was mcrcased to 2.55itre/min and pressure incrcased to 1.8bar, with heat
supplied from the heat regulator. The cracked product was collected i petroleum
cther. After Smins, the gas valve was then closed and the samiple bottle detached and
labeled STR2.

For SIR3, a fresh 25ml petroleum cther (40-60°CY) was poured into a new sample
bottle and connected to the apparatus with the catalyst weight of 70g charged mto the
reactor. The flow rate was increased to 3litres/min and pressure increased to 2.0bar.
The cracked products was collected inpetroleum ctlicr, detached and labeled STR3.
The experiment was repeated with petroleum ether (60-800C") and steps (@) 0 (g)

taken and product obtained labeled as S2R1,S2R2 and S2R3.

The cracked products were analyzed at Kaduna refinery faboratory using a gas

chromatograph with the hquid-mjection method giving the percentage composition of

the cracked products.
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CHAPTER FIVE

aramelers given for the experiment are:

"l‘:ll)le S5.1: run SIR1

Piameter of zeolite particle, dp =250 x 10°m
Density of zeolite, p = 1.12g/em” = | 120kg/m’

Diameter of fluidized reactor = 0.0853m

5.0 RESULTS AND DISCUSSION OF RESULTS
5.1 RESULTS

JFrom appendix (A2), the clear calculations give the tables presented below:,

W-0.05kg 2000cm’/min P 1.obar,
[Smo [Temp | Co 0] Xoin | Comnt | Xoww | Cooeer 14X, Ay,
("C) (kmol/m“) (kmol/ m“) (kmol/m*) F/;;
T[4z {000t 100542 (00247 | 0.6176 |0.0429 05630 [00847
2 45 0.0605 0.0635 | 0.0244 0.6223 | 0.0425 (.5588 | 0.0841
3 49 (.598 0.0743 | 0.0241 0.6269 | 0.0420 0.5526 | 0.0832
4 54 0.0589 0.0882 | 0.0238 0.6316 | 0.0414 (0.5434 {1 0.0818
5 58 0.0581 0.10006 | 0.0235 0.6362 | 0.0408 0.5356 | 0.0807
Table 5.2: Run S1R2
W= 0.06kg v=2500cm’/min P==1.8bar
Simo | Temp | Cpin 0 | Xpin | Choont Xiout | Chaves AX, | ¢, ]
°C) | (kmol/m") (kmol/m") (kmol/m*) va/ébo
|41 10.0089  [0.0523]0.0223 06933 {00456 | 0.041 [01164
2 47 0.0677 0.0688 | 0.0219 0.6988 | 0.0448 | 0.630 [ 0.1144
3 51 0.0668 0.0812 | 0.0216 0.7029 | 0.0442 0.6217 10.1129
4 54 0.0602 (.0894 ) 0.0214 0.7056 | 0.0438 0102 1 O1119
5 59 0.0052 0.1032 1 0.0211 0.7098 | 0.0432 0.60006 | 0.1102
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able 5.3: Run
V=007 kg
$/no | Temp
("C)
’l 43
2 47
B3| s2
14 55
s |59

Table 5.4: Run
W=0.05kg,

0.0725

1 S1IR3

v=3000cm’/min

(‘I),iu i"

(kmol/m™)
0.0701
0.0752

0.0742
0.0733

S2R1

Xl;.in

0.0570
0.0082
0.083

0.0917

L

0.1016

( ‘h.qml

(kmol/m”)

0.0180
0.0183
0.0181
0.0179
0.0177

v=2000cm /min

R Soniad

i Smo Temp | Gy in X., .: A A(‘.,:,‘;.,r(r
3 ("Cy | (kmol/m™) (kmol/m’)
I 162 00574 01115 | 0.0205
2 606 0.05068 0.1207 { 0.0202
3 70 0.0501 0.1316 | 0.0200
4 74 (.0555 0.1409 ] 0.0198
5 | 78 0.0548 01517 1 0.0195
| SR R A [ .
Table 5.5: Run S2R2
W=0.00kg v=2500cm’ /min
Smo [ Temp [ Cosw  in | Xpin | Coowt .+
"C) | (kmol/m* (kmol/m)
162 00646 loaTi4 00152
2 65 0.0641 0.1183 | 0.0151
3 09 (0.00633 0.1293 { 0.0149
4 74 0.0624 0.1417 { 0.0147
5 79 0.0617 01513 1 0.0145

21

0.7807

Xh.nul

0.8000

P==2.0bar
Xh.oul

f
( haves

(kmol/ m3)

0.7095 | 0.0474
0.7732
0.7757

0.7782

0.0468
0.0401
0.0456
0.0451

P 1.6bar
(VVI)H [T

(kmol/m“)

XI).()II(
0.6827 | 0.0390
0.6873

0.6904
0.6935

0.0385
0.0381
0.0377

0.6981 | 0.0372

P=1 .8bar
Ch.m‘c,

3
(kmol/m”)

0.7909 | 0.0399

0.7923 1 0.0390
0.7950

0.7978

0.0391
0.0380
0.0381

Axh

0.7125
0.705
(0.6927

0.6863

0.6791

V/:\xl)

0.5712
0.5000
(.5588
0.5520
0.5404

Axh

0.6795
0.6740
(0.60657
(:0562

0.6593

AXy,
Y'V/Fbo
0.1475
0. 1460
0.1434
0.1421

0.1400

.08850
0.08785
0.080064
0.08508
(.08471

AXy,

W/
// Fbo

01234

0.1224
0.1209
0.1192
0.1178
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Table 5.6: Run S2IR3

{W=0.07kg v=3000cm /min P=2.0bar
ISmo | Temp [ Cuis ™ in [ Xpsw | o Xbont | Comes | AX,, oy
"C) (kmol/m“) (kmol/m’) (kmol/m}) w

/"Fo
1|6 0.0718 1 0.1103 [0.00822 | 0.8981 | 0.04001 | 07878 | 0.1e3]
2 00 0.0710 0.1202 { 0.00813 0.8993 [ 0.0390 0.7791 1 0.1613
3 71 0.0699 0.1338 0.9009 | 0.0390 0.7671 | 0.1588
4 75 0.0691 0.1437 0.9020 | 0.0385 0.7583 1 0.1570
LS 80 0.0081 0.1501 0.9035 1 0.0379 L().7474 0.1547
Table 5.7: Run S1R1 (for Arrhenius’ plot)
S/no TCC) T(k) UraK [ kmYbrkg) [ink
e 42 315 1000317 1974 loesor
2 45 318 0.00314 1.979 0.6820
3 49 322 0.00311 1.981 0.6830
4 54 327 0.00300 1.976 0.6811
S 58 331 0.00302 1.978 0.0821
“Fable 5.8: Run SIR1 (for Arrhenius’ plot) |
S/no T(°C) Ty Tk | km'rkg) | Ink 7
[ 41 314 0.00318 2.5526 0.9371
2 47 320 0.00313 2.5536 0.9375
3 51 324 0.00309 2.5543 (.9378
4 54 327 0.00300 2.5548 0.9380
L5 59 332 0.00301 2.5509 0.9305
22



‘able 5

,§/n()

; 'S/n()
|

2

N

l(”()

143

47
52
55

I("()

02

60
70
74
78

[ B

l(k)
36
320
325
328
332

I(k)
335
339
343
347
351

29: Run SIR2 (/\l rhenius |)I()()

Table 5.10: Run S1R2 (Anhcmus pl()t)

10.00316
0.00313
0.00308
0.00305
0.00301

11(1/K)
0.002988
0.002950
0.0022915
0.002282
0.002849

IRV o

ARERD)

:
f
)

Table 5

E
3
5
4

S/n()

4 e

1

i
¥
H

o i

e
A o i

A S, i,

= L N

S/n()
I

(US T \S]

BN

d1: Run STR2 (Arrhenius plol)

1("() |

05
69
74
79

T(k) TR
335 0.002985 |
338 0.002959
342 0.002940
347 0.002882
352 0.002841

l(k)
335
339
344
348

353

UT(1/k)

0.002950
0.002907
0.002874
0.002833

10.002085

31197
31106
31162

31175

Ko k)

22708

1 2.2818

2.2740

In K

11352
11377
11348
11360
11370

In K

0.8201
0.8250
0.8215
0.8210
0.8229

K(m hr. kg)

13.0927

3.0909
3.0921

1 3.0881

3.0919

K(m Y. k;_,)
40765
4.0733
4.07179
4.0779
4.08179

ln K

290

11285
1.1288
1.12706
1. 1288

23

1.4044
1.4041
1.40506
1.4005

In K

1.4052
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Fables 5.1 to 5.6 were

sersus e, (Arrhenit

ased to plot the graphs

sest fit drawn for the coordinates. Also, ables 5.7 to 5.12 were used to plot the

24

of ratc versus concentration with the line of

graphs of Ink

s plot) with the line of best fitdrawn to abtain a hincar curve.
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From the graphs, the values for the rate constant were obtained as shown in Appendix

A2. The rate equations for the disappearance of butane for the experimental runs are:
For SIRI: -Ry, = (1.97 Im'/hr.kg) (Cpkmol/m’)
SIR3: -R,, = (2.557m"/hr.kg) (Cpkmol/m®)
SIR3: -R, = (3.13m"/hr.kg) (Cpkmol/m™)
S2R1: -Ry = (2.25m"/hr.kg) (Crkmol/m’)
S2R2: -Ry = (3.1 Om“'/hr.kg) ((.fl,l<n]ol/|n“)
S2R3: -Ry, = (4.08m hr kg) (Cpkmol/m?)
And the average rate expression for the experimental runs is
-Ryave= (2.851113/111‘.kg) (Chkmol/m3)
The corresponding activation encrgics arc
For SIR1 E = 341.43KJ/kmol = 81.6kcal/gmol

SIR2 E = 238.83KJ/kmol = 57.08kcal/gmol

SIR3 E =190.93KJ/kmol = 45.()3I(Czll/gmo|

S2R1 E =290.83KJ/kmol = 69.5 1 kcal/gmol
S2R2 E =182.07KJ/kmol = 43 .5 kcal/gmol
S2R3 E = 134.13KJ/kmol = 32.06kcal/gmol

Also, from the appendix. The following values were obtained:
Heat of rcaction, AHr=167.35KJ/mol
Heat transfer coefﬁciel}t, h = 63.74KJ/hr.m’K

Mass transfer coefficient, k,, = 0.0018m/hr

Observed rate

- : =19.60
Rate if film resistance controls .

- (Elu:l)x )]42
D,C

¢ bg

=0.022

A Tpurliclc =-0.0001 °C
ATIiIm = -().000 UC
Average activation energy, E, = 229.7KJ/kmol = 54.9kcal/gmol
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5.2 DISCUSSION OF RESUL'TS

The gas was assumed to behave ideally and the inlet concentrations were obtained for the
different runs from the ideal gas cquation P = CRT. The differential analysis technique was
used to interpret the kinetic data obtained.

With increasing weight of catalyst, 1t was obscrved that the conversions for cach 5-
‘minute reaction time increased. With the 4()—()()1'(“, pctrolcum cther, the conversion for STR1,
SIR2 and STR3 obtained were 53.5%, 00.75 and 67.95 respectively. With the petrolecum
ether of 60-80"C range, the conversions for S2R1, S2R2, S2R3 obtained were 54.6%, 04.9%
and 74.7% respectively. It was also obscrved as the temperature range ncrcase for the same
catalyst weight and molar rate, that there was an increase in conversion. The high vatlue of
conversions obtained 1s primarily due to the elfectiveness and high activity of the zcolite
catalyst and its high yicld ability. The fact that domestic gas which was the source of butane
used ortgmally contained little mixture of the highter fractions obtained as products also
brought about high conversion valucs.

The rate expression was determined by measuring the concentration of the unreacted
butane n the product collected in the petrolcum cther. To obtain the rate of disappearance of
butane, a guess of first order was made and the plots of (-Ry) versus concentration was
obtained for the experimental runs. The plots obtained were lincar passing through the origin
indicating that a first order reaction satisfactortly fits the kinetic data. The first order reaction
obtained also satisficd the three-step mcchzmishl proposcd in chapter three for the cracking
of butanc over zcolite catalyst.

With the order of reaction cstablished, the slope of the graphs gave different values of
the rate constants, confirming theory that a rate of rcaction is a function ol the temperature
dependent term k and function of composition.

With mcrecase in the catalyst weight, it was obscrved that the rate constant k increased.
FFor experimental run SIR1, SIR2, StR3 the rate constants obtaincd were 1.971,2.557,3.13
m*/hr kg respectively. For S2R1, S2R2, S2R3 the rate constants obtained were 2.25, 3.10 and
4.08m/hr kg respectively. The increase in temperature also resulted in increase in the value
of the ratc constants. With the values of the rate constants, the corresponding rate expressions
were obtained also showing an incrcase in:the rate as both the catalyst weight and
temperature range were increased.

The Arrhentus plots were used to obtain the activation encrgy, and as the catalyst

weight increased the activation energy of the experimental runs decrcased. This is altributed
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to the fact that more catalyst weight provides more surface arca for the catalytic rcaction to
proceed faster with the bonds in the butane gas casily broken to give the products. The
activation encrgy of the catalytic cracking of butane obtained in this experiment was
32.00kcal/gmol (minimum) and 81.0kcal/gmol (maximum) when cbmpurcd with 219.7kcal
(minimum) and 278 7kcal/gmol (maximum) for thermal cracking as given in fiterature, it was
observed that the zecolite catalyst effectively reduced the activation energy for the catalytic
cracking of butanc, confirming the (heory behind the usc of catalysts. The zeolite catalysts
reduced the activation to above 70%.

The heat of reaction, heat transfer coclficient and mass transfer cocflicicnt calculated from
experimental values as shown in the appendix were used with the values of effective thermal

diffusivity and cffective thermal conductivity given in literature to determine the resistance

k obs Vl )

that controls the catalytic reaction. The value - =19.06 indicates that gas fihn

k,,,
mo,.

resistance affects the rate and this shows that the movement of gas molecules through the
film is the lowest and the rate-limiting step of the catalytic reaction. In agrcement, the value

- (El}.l?/l.V )Lz
D.C

¢~ hg

=0.022

indicates that there is no strong pore diffusion resistance.
The value of ATpanicie = -0.0001°C, indicates that the pellet is close to uniform temperature
and that non-isothermal effects do not influence the catalytic reaction.
The value of AT, = -0.006°C, indicates that the catalyst pellet and the surrounding fluid are
at the same temperature agreeing that non-isothcrmal effects do not influence the catalytic

reaction, also conforming with theory in literature which states that a fluidized bed reactor

operates isothermally.

The values of AHr obtained as 167.35kJ/mol (a positive value) also conforms with theory that

endothermic reactions take place in a fluidized bed reactor.




CHAPTER SIX
6.0 CONCLUSION AND RECOMMENDATIONS
6.1 CONCLUSION .

The results showed that a conversion of up to 0.75 was obtained using zcolite catalyst
in the cracking of butanc in the laboratory prototype Hui(l\izcd bed reactor. An average rate
constant k =2.85m’/hr.kg with a corresponding first order reaction rate with respect (o
disappearance of butane obtained as

- Ryawe= (2.85111]/111'.kg) (Cy. kmol/m)
Also the average activation energy obtained, E=229.7klJ/kmol.= 54.9kcal/gmol
This study also showed that the reaction mechanism with respect to disappearance ol butanc
obeyed a first order kinetics with mass transfer through the gas film controlling the catalytic

reaction.

6.2 RECOMMENDATION

I. For subsequent study in the determination of the kinctics of hydrocarbon cracking, an
automatic concentration-measuring device other than the gas chromatograph should be
installed alongside the experimental sct-up. This will £o a long way to cnable the conducting
of the experiment as a continuous operation instecad of the batch operation used here-in.

2. Further studies should incorporate a wide variety of catalyst types, whereby the effects of
the activity of catalyst on the reaction rate is determined.

3. Better and improved fluidized bed reactors should be implored in subsequent study, to
minimize the sources of error in the experimental runs. In addition, with the improved
reactors, the kinetics and conversion of butane can be ascertained at a high temperature and
high-pressure range. }

4. Cracking gases such as hydrogen should be introduced. This aids in obtaining rate
equations characterized by the langmuir isotherm which will produce further explanation on

the phenomena of adsorption o catalyst surface. :

5. Economic analysis of the cracking of butane to lighter products should be used to prepare
feasibility reports on the advantages of producing lighter paraffinic hydrocarbons over their
direct production from heavy hydrocarbon distillates of petroleum.

6. Modeling of the experiment above will be useful in providing a basis for the scale up of

future plants with fluidized bed cracking of butane or hydrocarbons as their major operations.
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APPENDIX

Al: NOTATIONS

A [Exterior arca per unit mass of catalyst

A Reactor arca

Ched Spectlic heat of catalyst bed

Com Inlct concentration of butanc gas

Cho Initial concentration of butanc gzlé

Chont Outlet concentration of butane gas

AC Change in concentration

Cy Specific heat of fluid i.c. butane

Cy Specific heat of zeolite particle
D. Effective thermal diffusivity of zeolile
dy, Diameter of catalyst particle
E Activation cnergy
£y Void fraction
£l Void fraction at minimum fluidization velocity
Il Molar rate of butanc gas
h Heat transler cocflicient ;
AHr Heat of rcaction é
Kun Mass transfer coclficient

K e Elfective thermal conductivity of zeolite

ko Pre-exponential factor

k Rate Constant
. Characteristic length of catalyst ,
LMTD Logarithmic mean temperature difference i
M, Mass [Tow rate per unit fength

M, Mass flow rate per unit volume

My Density of catalyst

P Pressure ‘

Q Heat rate

-Rp Ratc of disappcarance of butanc based on weight of catalyst

-Riobs Obscrved rate based on catalyst voluime

Sex Exterior surface area of catalyst
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APPENDIX
Temperature
Termperature at reactor walls

Temperature of catalyst bed

[Flow rate of butanc gas
IFluidization velocity
Minimum uidization velocity
Catalyst weight

Conversion of butane at inlet

Conversion of butane at outlet

Changc in conversion.
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APPENDIX
A.2: MANIPULATION OF DATA
A.2.1 MANIPULATIONS FOR RATE VS CONCENTRATION PLOTS
Assumptions:
| The butane behaves ideally and obeys the ideal gas law.
2. The cracking system is a constant density systemy; therefore expansion the factor is zero.
Thus, Cy, = P/RT
And Xb =1 -[Cy/Cpo]
For table 5.1 for SIR1
P =1.6bar w = 0.05kg
9 =2000cm’/min
9= (200()cm3/min)( 1m°/100 cm™)(60min/1 Ini) '
9 =0.12m"/hr

Al initial temperature i.e 25°C

1.6x 10°
Coo = 8314 x (25 +273)

Cpo = 0.0640 kmol/my’

Foo = Coos 9 = (0.0646 kmol/m’ x 0.12 (m’/hr)

i

Fp = 0.007752 (kmol/hr)

W 0.05 (kg)
Fio 0.007752 (kmol/hr)
AW

T = (.44995hr.ke/kmol

With an assumption of a first order reaction rate with respeet to butane, the ratc of
disappearance Ry, = AXb/(W/Fbo) at temperature of 42°C.
Copn= 16x10°

8314 x (42+273)
Cpin = 0.0611 kimol/m”
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| X = 1-(0.0611/0.0640)

Xy = 0.0542

Result from chromatogram showed that Con™ ()‘()247kmol/m}
Xipou = 1+ (0.0247/0.06460

Xp.ow = 0.0170

Ch.u\'c: Ch.in + Clh()lll = 006] ]+ 00247

2 2
Cpare = 0.0429 kmol/m’

AXy = Xpool X in=0.6176 - 0.0542
AXy, = 0.5630
Ry, = AXW (W/F) = 0.5630/0.44995
Ry = 0.0847kmol/hr.kg
This trend of calculation was used to {abulate the results of the experimental runs for SIR2,

S1R3, S2R1 S2R2 and S2R3 i order to obtain the plots of rate Vs concentration.
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A.2.2 MANIPULATION FOR ARRHENIUS PLOT

For table 5.7 (for SIRT)
From  Arrhenius  equation

i
— R
k=k, e

£yl
ik =1Ink, - (4) —
R T

7 o= 42°C =42+273 =315 K

Lo 200317 (k )
T 315
i = R, _ wil, )
Cl). arc C‘b.urv
0.0847

0.0429

3
_ v m
k= 1.974 %r-kg

Ink = 0.6801

this method was used 10 tabulate the results of

the experiental runs in order 10 plot of graphs of Ink versus %

A2:3  OBTAINING RATE CONSTANTS FROM GRAPHS OoF
RATE VERSUS CONCENTRATION

~0.04435-0
0.0225-0

R
_ [§ m
ko =1.971 Ar./\_g

o 00630
0.025-0

_ '
k = 2.557 AI_'/(g

~0.0051-0
0.0208 -0

1
_ nr
k=313 Ar‘kg

For SURL: k

ST R2:

ST R3: k
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0.0225 -0
0.01-0

3
k= 2.25 "'/”,_kg

oo 00413 -0
T 0.0133 ~0

3
— m
k= 3.10 /”,_kg

0.0613 -0
0.015 -0

. I”:q
k = 4.08 /”_kg

Therefore  the rate  exp ression is given  as

For  S1RI ~ R, = (1.971 m/l”_‘kg) (("Ix, km()%’])

For S2R1: k
S2R2

S2R3 k =

With the equation -R, = k C,, used to write the subsequent rate equations

with cognizance to their individual rate constant values.

A. 2. 4.CALCULATION OF ACTIVATION ENERGY FROM ARRENIUS’ PLOTS.

From the graph of In k versus 1/T, the value of the slope is equal to --E/R

for SIRIL:

( 0.6836-0.6808
0.00306 —0.003128

~E
R
-E

—=-41.067 K
R

E = 41.067x R =41.067x8314 ‘
E = 34143 K/

kmol

( (1987 k('(y /)
E = 34143 | kJ \ gno
kmol ]
(83 14 {417101 .)'

E = 81.0 kcal/g mel = 341.43 kJ/kmol

SIR2: -E_ = 0.93064--0.9348
R 0. 00306 - 0.003116
-E = -28727K
R

E =238 .83 ki/kmol = 57 .08 kcal/gmol
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SIR3: -E = 1.1365 - 1. 1355
R 0.003067 -- 0.0031105

= -2296 K

E  =190.93 kJ/kmol = 45.63. Kcal /gmol

S2RI: -E_ = 0.8244-0.8221
R 0.002867 - 0.002933
B = -3498 K
R

E =290.83 ki/kmol = 69.51 kcal /gmol

S2R2: -E = 1.1289 - 1.1276
R 0.00288 — 0.2939
E = 219K
R

E  =182.07 kl/kmol =43.51 kcal /gmol

S2R3: -E = 1.4062 - 1.4051
R 0.002865 - 0.002933
-Eo= 0 -16.13K
R
£ = 134.13 kl/kmol = 32.06 kcal /gmol

A.2.5 CALCULATION OF HEAT TRANFER COEFFICIENT

h = Q
ALMTD
A= Tt(h2

2
nd 2
A= 41 = ﬂx().2853 = 0.00571m?

For a fluidized bed, Q = m,, Cpeq (Tw ~ Thed)

Chcd = CP (l - Ef) + CI‘ =
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For zeolite Cp= j‘m

o T . l ‘]
e (2404 0.0495TW T in K /ml K

(Himmelblau, 1990)
Assumption Tw is 50% greater than Ty due to heating clement wound round the walls of the
reactor,

For SIRT al Ty = 60" C Ty, = 90"C

Cp= [y (2414 0.0495T) T

( ,
C =241 (333-298) + (—)‘%ﬁ (333* - 298°)

|\
190 k)
€, = 1390 41;10/

v

0.085
also €, =€, (-\T—J (Vermesan et al, 1990)°

mf
v, ~ 2 000 _9_”;1 (,l . ) Hmin ll‘"“
A min 0.00571Tm" 00 Sec 100" cm
Vi = 0.00584 my/s

But from Gelldart Classification of patticle sizes and minimum fluidization velocities, for

dp=250x 10" €,y = 0.509 and V,; = 0.05 my/s

0.085
g = 0.509[9'-09,5&4)
0.05
€, =0424
Cp o= 252518507 (Perry et al, 1997)

('bed = 1390 (1-0.424) + 25.2518 x 0.424

- k]
Lbed = 811.35 (/kmolK

3 . ' 3 .
M, =|2000 cm [()O nTm] Im [2.5]9&J
nin I hi 1002 cm? 3

m
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Qo

kg
h= 030228 ™5 ..

il

h

A2.60 CALCULATION OF MASS TRANSFER COEFFICEINT

/
0.30228 x 811.35 (363-333)

QﬁOk}ﬁ |

Q B o lZf).() 7
TG
363 - 333
0.00571 (i(ﬂ )
in ol
333

= ()3,74 k , 2
he m < K.

Fora fluidizedbed, M .= p (l—e .Jk a  AC (Smith 1981)
14 D / nm o

L 7
m dp pp v A
M
i ho- P )[l—e ) m : ;
A / / dp p AC
Mh X dp

A(PE,JMAC

J

Jor SIRL; e, = 0424, AC = 0.011-0.0235 = 0.0370 /mm/ 1
m

P 0.30228x250x10 °
0.00571  {1-0.424)x 6x0.0376

k, =0.0018 17
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A.2.7. CALCULATION OF HEAT OF REACTION

With reference to equation in literature review, the heat of reaction of the catalytic

cracking of butanc is calculated. The equation for the reaction is:

20 ,H ()l(3ll()

Ao~ 2ll2~|~(_ll

471—( 2H4l(2l]

A =H 4R [+ BT +CT2 D12y dr (JM Smith,

0

Table below gives the value of that Heat of formation and constants.

1y (J/mol) A C Bx10'] Cx
Callio | 125,790 | 1935 | 36915 | 11402 |
M, _ 3.249 0.422 i
CHy -74,520 1.702 9.081 -2.164
Cy Hy -52,510 1.424 14.394 -4.392
C; H, -83,820 1.131 19.225 -5.561
CaH, 19,710 1.037 22.706 6.915

1wl

[996)

N

0.083

With the constants, the enthalpy for cach specics is calculated at 60°C = 333 K.

For CH ,:
AN

1l

125,790+ 8.314 [ (19351 36.915¢10 7= 11.40210 )T

AlY ) 36.915x10 °

it

125,790 + 8.314 [1.935 (333-298)

11.402x10

(333* —2987%) - (333" - 298%)
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AH = —125790+8.314[67.725+ 407.634 - 39.764]
- J
Al = -1221684 J/
for 112:

AT =048314 [(3.249 1+0.422X107 7T 0.083x10~ 27" Har
T J
AH = 984.170 J/

mol.

for CH

AH = ~74520+8314"(1.702+9.081x107 37 - 2.164x107 077 !

— J
AH =-73253.778 /’

mol
for Cyll:
AH =52510+8314 [V(1.424+14394x10>T — 4392510 T )dT

298

- J
AH = 54118.50 /m()[.

for C2H6:
AH  =-83820+8.314 [™(1.131+19.225x10" T - 5.561x10 *T ?)dT
7 = _8188 J
A = ~81887.130 J/
Jor C3H6:

A =19170+8.314 ﬁ:(l.(m+22.706x10 T - 6.915x10 °T )dT
Al = 22070427 Y

nol.
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The heat of reaction A . =Y A product = 2N roqetants

AlT, = 2 (984.170) - (-73253.778) | (54118.501) -
4 (=81887.130) + (22070.42) - 2(—122108.40)

AT, = 16735 k7

mol

A.2.8 DETERMINATION OF THE RATE CONTROLLING MECHANISM

(a) Film mass transfcr
Lo dp
R e
observed  rate 3 (" s /€ I'X) 3( 2) ok Vp
rate if  film resistance  controls , dp ! k, S.
B k,mil ©-
2
but = Rowe Vp = = RW
- ”/ .
~ Vo= RASI
l’e/v.mu l/) = Rh V/) E Rh /’/’
R, . = 1L971C, x1120 (ie for SIRD)
Using C, = 0.0235 kmf% \
m
R, o = 1.971x0.0235x1120
R - 51 km(y
b obs 88 /)I',HI]
tC, = 0.0611kmol
@ ’ Az‘; k. =0.0018m/ hr
observed  rute B (Aﬂ-{l‘éh_,,/,_\-u[/)
rate if film resislance controls ko Crne
obscerved  rate 51.88x250xt0 °
— , = = 19.660
rate 1f  film resistance controls 0.0018x0.0611x06



(h)  for strong pore difusion;

) 2
(#Rl),obs)L o1
De C[
g
De = 1.88x10“4cm% (perryet al 1997)
m? 2 3600 S,
De = | 1.88x1074 (") l—é—” 5 )
§ L00“ cm a
-5 2
De = 06.768x10 m /
I
Jor a sphere L = g :%B
7l 2
~R L _
Ry obs )" 51.88x(25011076)2 0022
De €y, 6.768x107° %0.0611
(¢) Temperature effects
‘ De (Cl)g -0) (-AHl,.)
'“/\ 7 particle = K
of
at350K,Keff =2W /mK oo (www.google.com,1991)
, w lJ/S 3600 S
K 2
(1) eff mK | IW .

= kJ
Keﬁ" = 72 (Ar. m.K

. 6768107 x 0.061 1x(~167.3)
particle 72

= -0.0001 °C

particle

(2) ATy, = i Rl)] (-aH,)
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?5()\1 0 “x51.88x(-1067.3)

Ox03.74

AT

fitm

AT = 0.006 "C

film
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