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ABSTRACT

Catalytic cracking of hydrocarbons is an important industrial reaction, whose fundamental 

understanding and quantification of its elementary processes are far from complete. Next to 

the main reactions, a major side effect is the formation of high molar mass, low volatile 

hydrocarbons, the so -  called coke, that blocks the active sites and deactivates the catalyst.

The aim of this work is to gain a fundamental understanding of the deactivation of zeolite 

catalysts as a result of coke deposition. Also, of special importance are the product 

selectivities as well as the understanding of the individual reaction mechanisms of catalytic 

cracking. The effect of changing the residence time or the reactant composition is also 

studied. The experiments performed include the use of ultrastable H-Y zeolite (USHY) as 

catalyst in a fixed bed reactor, with n-octane, isooctane and 1 -octene as reactants, at a range 

of 523-623 K, reactant feed partial pressures of 0.05, 0.1 and 0.2 bar and different reactant 

flow rates. The relative yields, as well as the tendency towards coking for the three reactants 

in increasing order are n-octane < isooctane < 1 -octene. Moreover, coking during cracking 

of isooctane and 1-octene at 5% and 10% compositions decreases with temperature. 

However, this unexpected trend is reversed at the higher reactant compositions. The 

dominant product is isobutane with a yield of almost 0.9 when using isooctane and much 

less when n-octane or 1-octene are used as reactants. Other major products are propane, n- 

butane, isopentane and isobutene.



The cracking of n-octane can proceed via P -  scission and/or hydride transfer reactions, 

while isooctane cracking proceeds via the protonation of the quaternary carbon atom over 

the Broensted acid sites. However, 1-octene cracking shows a high extent of isomérisation 

reactions. Generally olefins show higher ability to undergo cracking reactions compared 

with paraffins.
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Chapter 1: Introduction

CHAPTER 1. INTRODUCTION

The cracking of hydrocarbons on acid catalysts is a long-established and very important 

industrial process. Developed in the 1930s, catalytic cracking quickly replaced thermal 

cracking in the commercial production of motor fuels. Since then, cracking technology has 

undergone many major improvements, both in reactor configuration and in catalyst 

formulation. The establishment of many industrial and academic research and development 

laboratories and programs has supported these improvements. However, this research has 

been largely on an empirical nature. Although the empirical approach has been very 

successful in terms of the technological advances it has achieved to date, it has left large 

gaps in the understanding of this important branch of science. Fundamental understanding 

of the processes underlying the conversion of petroleum distillates into intemal- 

combustion-engine fuel has progressed considerably over the years, but still leaves many 

scientific aspects in the dark (Wojciechowski (1998)). At the same time, as the field reaches 

technological maturity, investments on research and development diminish. Significant 

future improvements in catalytic cracking technology will require major advances in the 

fundamental understanding of the chemical mechanisms involved in the “cracking” 

reaction, which basically obeys the following postulates (Wojciechowski (1998)).

1. All-important processes involved in the reactions that fall under the generic name of 

“catalytic cracking” proceed via the mediation of surface-resident ions.

2. These ions undergo only two types of reactions and produce all the major gas-phase 

products:
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a. Bimolecular disproportionations with neutral gas-phase molecules, or with neutral 

portions of neighbouring carbénium ions, via the formation of pentacoordinated 

carbonium ion intermediates.

b. Monomolecular decompositions of carbénium ions.

3. All the reactions involved in the major processes of catalytic cracking proceed on 

locations corresponding to the Broensted acid sites originally present on the catalyst.

From the very beginning, when natural clays were still used as cracking catalysts, it was 

obvious that an acidic surface was the agent responsible for the cracking process. 

However, although many suggested different reasons, it was not until much later that 

Greensfelder and Thomas provided most of the convincing evidence that ionic reactions 

were the agents of catalytic cracking (Wojciechowski (1998)). Still, there was evidence that 

there were many unanswered important mechanisms involved with catalytic reactions. 

Among the many reasons for the less well-developed understanding of the mechanism of 

catalytic cracking, the most obvious are the complexity of the reactant molecules. 

Petroleum feedstocks contain thousands of individual species. This level of complexity has 

traditionally forced petroleum refiners to characterise feedstocks using descriptors such as 

volatility, density, or average aromatic content. These descriptors may be sufficient for 

predicting properties such as vapour pressures, but they are not nearly detailed enough to 

predict how a petroleum feedstock will react over a size -  and shape -  selective cracking 

catalyst. These problems are further complicated by the rapid decay of the catalyst activity, 

resulting in important commercial and economic considerations. Moreover, many studies of
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cracking reactions have yielded conflicting conclusions, making it difficult to assemble the 

available results into a cohesive, comprehensive and quantifiable description of the 

chemical processes involved.

Microporous materials, notably zeolites, have replaced corrosive and polluting acids 

(H2 SO4 , AICI3 , chlorinated alumina) as catalysts in many refining and petrochemical 

processes (Guisnet et al., (1997)). The choice of zeolite catalysts is firmly due to their 

remarkable acidic properties. Indeed the density and strength of their acid sites can be 

varied on a large scale and can thus be adjusted to the desired catalytic reactions. The high 

thermostability of zeolites is another characteristic, which renders them particularly 

attractive for processes requiring repetitive regeneration steps at high temperatures, such as 

fluid catalytic cracking (FCC). Another major advantage of zeolites is their well-defined 

pore stmcture, with apertures and cavities of approximately the size of organic molecules 

(Guisnet et al., (1997)). This so-called shape selectivity of zeolites has stimulated research 

on the synthesis of new molecular sieves, and originated the development of various 

commercial processes. In more traditional oil refining, zeolite catalysts are involved in the 

processing of almost every fraction of the crude oil barrel (Sie (1994)). In fluid catalytic 

cracking, zeolite catalysts have already found a place and will become more important as 

this industry assumes a greater role in the future (Hansford (1983)).

However, the most serious drawback of using zeolites as catalysts, is their deactivation by 

carbonaceous compounds i.e. coke. There are two basic reasons for deactivation of zeolite 

catalysts during the commercial processes:
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• Poisoning of the active sites either by feed components or carbonaceous deposits,

• Limited access of the reactant to the active sites due to partial or complete pore 

blockage by carbonaceous deposits.

In most commercial processes the cost of catalyst deactivation is very high. Hence, 

facilitating catalyst stability and optimising regeneration have become at least as important 

as controlling the activity and selectivity. Therefore, while industrial laboratories try to find 

technical solutions, academic laboratories should establish the conceptual background 

indispensable to the understanding of the related problems (Guisnet et al., (1997)).

The current study involved the cracking of Cg aliphatic hydrocarbons, namely n-octane, 

isooctane and 1-octene, over ultrastable Y zeolite, using different reactant compositions, 

and different inert gas flow rates i.e. residence time, over a 523 -  623 K range of reaction 

temperatures. The study focused on the following objectives:

• Identify the product selectivities from cracking of n-octane, isooctane and 1-octene.

• If possible, identify the mechanisms of catalytic cracking of the three reactants.

• Examine the effect of varying the reactant composition on the product selectivities 

at different temperatures.

• Examine the effect of varying the inert gas flow rates, and subsequently, the 

reactant flow rates at different temperatures.
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• Examine both the effects of varying the reactant composition and varying the inert 

gas flow rates on the formation of coke at different temperatures.

This thesis is divided into two main chapters, the theoretical and the experimental one. In 

the theoretical chapter, the properties of zeolites as catalysts have been briefly discussed. 

The main mechanisms of catalytic cracking have been explained, as well as the major 

factors influencing the catalytic cracking of hydrocarbons over zeolites. Furthermore, the 

nature of carbonaceous compounds has been discussed, as well as their properties, 

mechanisms of formation and effects on the zeolite catalysts. Finally, a literature survey on 

the recent publications concerning catalytic cracking has been presented.

The experimental chapter discusses the results, which are then presented in five different 

chapters. In the first three chapters, the product selectivities and their yields of each 

individual reactant are discussed, respectively. The products have been identified, and the 

individual mechanisms of catalytic cracking have been discussed. In the fourth chapter, the 

conversion of the reactants into coke has been presented. The differences in coke amounts 

between reactants have been discussed and the products responsible for coke formation 

have been identified. Finally, in the last chapter, a simplified model to confirm the 

experimental results has been formulated and simulation results are presented and 

discussed.
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CHAPTER 2. LITERATURE SURVEY

2.1 ZEOLITES

Zeolites are an important class of aluminosilicate crystalline materials, which find many 

useful applications in the industry. The size of their pores is the same as this of small 

organic molecules. This fact has made them a subject of research of increasing importance. 

Their unique properties find use in such various fields as oil cracking, household detergents 

and nuclear waste disposal. The reason for their uniqueness is due to their symmetry and 

their highly specific three-dimensional structure. These properties, referred to as shape 

selectivity, are just one of the motives for the constant growing attention for zeolites. Their 

strong acidity is another aspect, as this gives them their catalytic properties.

Zeolites are not only theoretically interesting. They are very easy to handle, which means 

that they are non-toxic, can be regenerated and can withstand temperatures up to 1300 °C, 

well above temperature limits of previously used catalysts.

Nature has provided us with 34 different zeolites. But among those of interest in industrial 

applications, only a few are found in abundance, and ever fewer are industrially used. The 

industrial application of zeolites as catalysts depends largely on our ability to synthesise 

zeolites. The synthesis of known and new structures has made new discoveries in zeolite 

catalysis possible. Today, more than a few hundreds different aluminosilicate zeolite 

structures are available (Chen et al., (1996)).
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2.1.1 History of zeolites

In 1756, the Swedish mineralogist A. F. Cronstedt was the first to discover a new class of 

materials consisting of hydrated aluminosilicates of the alkaline earth. The mineral stilbite 

was heated and appeared to boil, so it got the name Zeolite (boiling stone) from the Greek 

“zeo”: boil, and “lithos”: stone (Farooq and Kruuse (1998)).

The first ideas regarding the structure were proposed by Friedel in 1896. The idea of an 

open framework was based on the observations that various liquids such as chloroform, 

benzene and alcohols, were retained by some dehydrated zeolites. In 1925, dehydrated 

chabazite was observed to adsorb water, alcohols and formic acid, but no acetone, ether or 

benzene. This is the first example of zeolites working as a molecular sieve, and they were 

defined as porous materials that exhibited selective sorption properties. Only charcoal was 

known as an alternative to the natural zeolites at the time, but now the term “molecular 

sieves” also includes métallo silicates - and aluminates, aluminophosphates and other 

variants.

In 1948, R. M. Barrer produced the first synthetic zeolite, which was an analogue to 

mordenite. Since then, a large number of zeolites have been synthesized for different 

purposes, among these ZSM-5, Zeolite - A, X, and Y. At first some of these zeolites were 

produced commercially for drying natural gas and refrigerants only, but in the early 1960s, 

they were also applied as catalysts for isomérisation and cracking in the oil industry. In 

1974, zeolites have been introduced as detergent additives in washing powders, replacing
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the environmental harmful phosphates (Farooq and Kruuse (1998)). Table 2.1 indicates 

some synthetic as well as natural zeolites and their respective uses (Smith, (1993)).

Table 2.1: Some commercial zeolites and their uses.

Natural Zeolites Uses Synthetic Zeolites Uses

Chabazite

Catalysis And 

Water purification

A Adsorption

Erionite X Cracking

Clinoptilotile Y Cracking

ZSM-5 Isomérisation

The range of possible zeolite catalysed transformations has grown steadily in the past few 

decades, as experimental modifications were explored. By changing the structure with other 

metals, changing the pore size and adjusting the strength of the acid sites zeolites are 

incorporated in more and more areas in the world of chemistry.

2.1.2 Nomenclature

As mentioned above, there are less than 40 natural aluminosilicates, and over the last 20 

years several hundreds have been synthesised. As a consequence of this high number of 

new synthetic zeolites, and because of an unsystematic designation of these, the 

nomenclature is very random. Zeolites have been defined as follows (Farooq and Kruuse 

(1()98)):
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A zeolite is a crystalline aluminosilicate with an open framework based on an extensive 

three - dimensional network o f oxygen ions. Situated within the tetrahedral sites formed by 

the oxygen can be either a or an A f^  ion.

The terms “zeolites” and “molecular sieves” are often interchanged, but in short, all zeolites 

are molecular sieves, while the family of molecular sieves includes other members than 

zeolites. The naming of the natural zeolites is up to the discoverer of the mineral. This is 

also the case for the synthetic zeolites, so each research group/laboratory has their own 

terminology. Unfortunately, the name often identifies the laboratory but it rarely describes 

the composition or structure of the zeolite, which is often very confusing. In accordance 

with the lUPAC recommendations (Farooq and Kruuse (1998)), the type of framework is 

represented by three capital letters (e.g. F AU is the faujasite structure, and ZSM-5 is 

categorized as an MFI structure).

2.1.3 Structure of zeolites

Zeolites consist of Si0 4  and AIO4  tetrahedra primary building units linked together by an 

oxygen. Each framework AIO4’ tetrahedron bears a negative charge, which is balanced by a 

cation. According to the so-called Lowenstein rule, two O-Al-0 cannot be linked together. 

This means that one Si can be linked to 0 to 4 Al, which gives five different combinations 

(Dimopoulos (2000)).
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The tetrahedra can be linked together in rings, to form secondary building units (SBU), and 

by combining them, different zeolite structures are formed. The SBU ‘s are numbered 

according to the number of atoms in each ring, and number of bonded atoms between them.

All crystalline materials can be classified according to the regularity with which atoms or 

ions are arranged with respect to one another. It is often convenient to subdivide the 

structure into small repeat entities called unit cells. For zeolites, the unit cell contents may 

be represented as:

M x /„  ( A 1 0 2 ) x ( S i 0 2 ) y . W H 2O

The material inside the brackets refers to the material framework, and the material outside 

refers to the metal cations M (e.g. Na, Ca or Mg), with the valence n and the intracrystalline 

water. In the case of acidic zeolites, the cation is typically H^.

The zeolites all contain intracrystalline pores and apertures having dimensions 

approximately equal to those of many of the molecules converted in catalytic processes. 

The zeolites can be broken down into three basic classes according to the sizes of the 

apertures; small, medium and large. Besides their apertures, which are also referred as 

channels, some of the zeolites also have cages. Some of the zeolite structures have two sets 

of cages, the largest one called supercages. As can be seen in the following table (table 2.2), 

the dimensions of the apertures vary according to the number of oxygen in the rings.
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Table 2.2. Zeolites and their properties.

Zeolite Number of Dimensions of Size of Typical Si/Al

oxygen atoms pore structure channels (À) ratio

in the ring

Zeolite A 8 3 4.1 1 - 1.5

ZSM-5 1 0 3 5.4x5 . 6 > 1 0

1 0 3 5.1x5.5

Mordenite 1 2 2 6 .7x7.0 2-5

8 2 2.9x5.7

Faujasite 1 2 3 7.6 1 -1.5 for X, 

1.5 -3 for Y

As can be seen, zeolite A is the one with the smallest channels and has interconnecting 

channels and supercages. However, the size of the zeolita A pores depends upon which 

cation is present (Na^, K^, Ca^). In contrary, faujasites have the biggest channels and 

supercages, which have made them suitable for cracking in the oil industry, as this allows 

larger hydrocarbon molecules to enter the pores. There are two types of faujasites ; X, with 

a silicon to aluminium ratio up to 1.5, and Y from 1.5 up to 3. The medium pore zeolites, 

such as ZSM-5, have a 10 - ring system that has an elliptical diameter of 5.5x5 . 6  Â. ZSM -  

5 has two sets of pores straight and zig-zag. Both have 10 -  membered rings but slightly 

different dimensions. ZSM-5 has what is called a pentasile - structure, which does not
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contain any large supercages. ZSM-5 is usually used for isomérisation of n-butane to 

isobutane.

Modemite has large channels and is another zeolite with the pentasile structure. Its channel 

system is practically one dimensional, as the one set of charmels has very small dimensions 

for any molecules to enter (Gates (1992)).

2.1.4 Zeolite Y

The zeolites finding the largest application in catalysis belong to the family of faujasites, 

including zeolite X and zeolite Y. Having 0.74 nm apertures (12-membered oxygen rings) 

and a three -  dimensional pore structure, they admit even hydrocarbon molecules larger 

than naphthalene. Their chief application is in catalytic cracking of petroleum molecules, 

giving smaller, gasoline -  range molecules (Gates (1992)).

Most zeolites are synthesised in the sodium form. The common starting materials for 

synthesis of zeolite Y are sodium aluminate, NaOH, and silica, and the product typically 

has the approximate composition NaiO AI2O3 5 .3 Si0 2  5 H2 O. Preparing the hydrogen form 

of zeolite Y is not so simple, because the faujasite framework, collapses when in contact 

with strong acidic solutions. This difficulty is circumvented by exchanging N a+ with N H 4 + 

ions and raising the temperature, causing the ammonium ions present in the zeolite to 

decompose into N H 3 gas, and H+ ions that remain in the zeolite structure (Gates (1992)).

30



Chapter 2: Literature survey

The framework structure o f zeolite Y contains sodalite units that are present also in zeolite 

A. The sodalite cages in zeolite Y are arranged in an array with greater spacing than in 

zeolite A. Each sodalite cage is connected to four other sodalite cages; each connecting unit 

is six bridging oxygen ions linking the hexagonal faces o f  two sodalite umits, as shown in 

fig. 2.1. The supercage in this structure is large enough to contain a sphere with a diameter 

o f about 1.2 nm. The three -  dimensional pore structure is large enough to admit reactant 

molecules like the hydrocarbons in gas oil, but the 0.74 nm pore apertures are still small 

enough that some transport restrictions are expected (Gates (1992)).

Fig. 2.1 : Structure o f zeolite Y.

The preparation o f zeolite catalysts o f maximum stability is a major objective and efforts to 

confer “ultrastability” have met with notable success in the case o f zeolite Y, Three
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procedures, which result in the ultrastable zeolite Y - USHY -  are summarised in the table 

2.3 below (Barrer (1978)).

Table 2.3: Different methods for obtaining ultrastable Y zeolite (USHY).

Procedure A Na-Y + NH4 CI aq (NH4)Na-Y -> Wash; heat in static or steam- 
containing atmosphere to 600-800 °C. About 1% unit cell shrinkage 

+ NH4C1 aq -^Remove most of residual Na+
Procedure B Na-Y + NH4 CI aq (NH4 )Na-Y -> Wash; heat to 200 - 600 °C 

Again exchange to remove most of residual Na+. Zeolite metastable at 
this stage. ->Heat rapidly in static or steam containing atmos. to 600- 
800 °C. 1 to 1.5% unit cell shrinkage.

Procedure C Na-Y —> 0.25 to 0.5 mol H4 EDTA per equivalent of Na+ added to 
water slurry over 18h under reflux. -> Al -  deficient zeolite heat in 
inert gas purge to 800 °C. Unit cell shrinkage ~1%.

The Al is extracted from the framework, for instance by making A1C13 or Al oxides, which 

then are situated in the zeolite pores. This is called extra-framework aluminium and 

behaves as a Lewis acid site (Dwyer and O’Malley (1988)).

The initial and final framework SiOi / A I 2 O 3  ratios for typical preparations by the three 

procedures were reported as follows (Barrer (1978)).

Table 2.4: Difference between SiO] / A I 2 O 3  when ultra stabilizing zeolite Y.

SiOz/AlzOs Procedure A Procedure B Procedure C

Initial 5.2 5.2 5.2

Final 5^3 6.35 10.3
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2.1.5 Aluminium content and acidity

Zeolites are further grouped into families on the basis of the silicon to aluminium ratio 

(Si/Al ratio). Since the number of Broensted acid sites (or exchangeable ions) is 

proportional to the number of Al ions in the framework of the zeolite, the catalyst 

properties are dependent on the Si/Al ratio. The structures with low Si/Al ratios can have 

higher concentrations of catalytic sites than others. There are other transitions in properties 

exemplified by the acid form zeolites (those incorporating as the exchangeable ion). The 

zeolites with high concentrations of are hydrophilic, having strong affinities for polar 

molecules small enough to enter the pores. The zeolites with low concentrations are 

hydrophobic, taking up organic compounds from water - organic mixtures; the transition 

occurs at a Si/Al ratio near 10. The stability of the crystal framework also increases with 

increasing Si/Al ratios. Zeolites with high Si/Al ratios are stable in the presence of 

concentrated acids, but those with low Si/Al ratios are not; the trend is reversed for basic 

solutions (Gates (1992)).

The Broensted and Lewis acid sites can be represented as in fig.2.2.

\ V /  V  v v  V  V  . V  Y
/ \  /  \  / \  /  \  / \    / \ /  \ / \ / \

o o o o O o +HzO 0 o o 0  o
H+ H+ Lewis acid

Broensted 
acid sites

Fig. 2.2: Formation of a Lewis acid site via dehydroxylation of two Broensted acid sites by 
heating of zeolites.
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At temperatures higher than 473 K the protons in the Broensted acid sites are mobile within 

the framework of the zeolite, and at about 823 K, they may be lost by dehydroxylation, 

producing a Lewis acid site. These are strong Lewis acids. However, there is no evidence 

that such Lewis acid sites exist in zeolites. There are also different Lewis centers, i.e. Al 

complexes such as A1(0H)2^, AlO^, formed by extraffamework Al. These sites are believed 

to be present in dealuminated zeolites and interact with Broensted acid sites, increasing 

their strenght. According to the stoichiometry, one Lewis acid site is formed from two 

Broensted acid sites. The structures shown above are oversimplifications. There are bond - 

breaking and bond - forming processes that lead to a rapid interchange of structures such as 

these. The Lewis acid site can interact with a Broensted acid site causing an inductive 

effect. This leads to a very strong acid site (superacid).

The distribution of the Al sites is not homogeneous, neither is the strength of the acid sites. 

This means that the proton donor strength has a distribution, which again is dependent on 

the Si/Al ratio. This can be partially explained by the fact that the Al atom can exist in 

different environments, i.e. it can be situated in different places in the secondary building 

units, and can have different sets of neighbour atoms. The strength of the acid site is highest 

if the Al atom has no other Al atoms located nearby (Gates (1992)). In other words, a low 

density of acid sites (low Si/Al ratio) gives a higher acid strength.

In ZSM-5, the density o f Al is very low (Si/Al ratio >10), which means that the Al atoms 

are far away from each other. This gives a narrow distribution of the high acid strength, in 

contrast for example to Y-zeolites (with a Si/Al ratio of 2-3). Zeolite A is another example
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of a narrow distribution, because it has a Si/Al ratio near 1, and therefore is has weaker acid 

sites than ZSM-5.

Correlation between the acidity of a zeolite and its catalytic properties is a difficult task 

however. Three factors are important here: the total number of acid sites, the ratio of 

Broensted acid sites to Lewis acid sites, and the acid strength distribution (and density) of 

each type of site. For Y zeolites, a maximum in strong acid sites and cracking activity 

occurs at Si/Al ratio from about 7 to 15. In contrast, for ZSM -  5, hexane cracking ability 

increases linearly with increasing aluminum content, leading to the conclusion that the 

maximum in acidity is a function not only of the zeolite structure but also the surroundings 

of the aluminum atoms in the framework (Humphries et al., (1993)).

Since there is one hydrogen per aluminum in the catalyst, as the amount of aluminum 

increases, the activity of the catalyst should also increase. The relation between aluminum 

content and activity for paraffin cracking and other reactions over H-Y and HZSM -  5 has 

been noted by many authors (De Canio et al., (1986a), De Canio et al., (1986b), Beyerlein 

et al., (1988), Marziato et al., (1998), Williams et al., (1999a), Williams et al., (1999b)). 

The catalyst activity dependence on aluminum content does not hold when the Si/Al of 

most zeolites is less than 10 (De Canio et al., (1986a), De Canio et al., (1986b)). Activity is 

decreasing with a decrease in Si/Al ratio, when the Si/Al ratio is less than 10. It is argued 

that when the sites become too concentrated within the catalyst, they interact causing a 

reduction in their acidity. A maximum activity at the Si/Al ratio of about 10 for most 

zeolites is observed due to site -  site interactions at high activities.
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Van Santen (1994) has focused his research on understanding the nature of Broensted acid 

sites, which are generated as a result of protons balancing the charge associated with 

framework substitution of for Others have proposed methods (Gorte (1999), Selli 

and Fomi (1999), Costa et al., (1999a), Costa et al., (1999b)), which allow the estimation of 

the acid site strength distribution, by using temperature programmed desorption (TPD). The 

possibility of estimating these parameters is of paramount importance in the determination 

of relationships between activity and acidity.

Variation in acidity also influences the formation rate and composition of coke deposits. As 

coke is the most important parameter responsible for catalyst deactivation, the detailed 

characterisation of these deposits is essential. Today, varieties of techniques are available 

for the characterisation of coke and other related parameters. Although the nature and 

composition of coke has been extensively studied during various hydrocarbon 

transformations, the role of acidity is not yet fully understood from the available literature. 

For example, Sahoo et al., (2001), studied the acidity and coke deactivation of ZSM -  5 

during n -  heptane aromatisation. They concluded that the conversion n -  heptane decrease 

with the density of acid sites, and that the nature of coke mainly depended on the density of 

acid sites rather than on the strength distribution.
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2.2 ACID CATALYSIS OF HYDROCARBON REACTIONS

A modem conception of the mechanism of acidic heterogeneous catalytic conversion of 

alcohols and hydrocarbons was formulated almost 40 years ago. At that time, it was 

proposed that hydrocarbons transform in acidic media via cationic mechanisms, in which 

carbocations are the intermediates. The term carbocations includes various groups of 

compounds of different structures with a positively charged carbon atom, i.e. carbonium 

and carbénium ions (Kiricsi et al., (1999)).

It is suggested that catalytic cracking of paraffins is a complex process, which occurs on the 

Broensted sites of the catalyst and involves carbonium and carbénium ions. Carbonium ions 

play a dominant role in high -  temperature paraffin cracking, since they are the initiators of 

the cracking chain proceeding via complex ionic mechanisms. Carbonium ions are usually 

formed as a proton is donated to an alkane. They are pentacoordinated carbocations, RH2+, 

having three centre two -  electron bonds. Structures have been proposed (Jentoft and Gates 

(1997)), in which the three centrers are represented by either one carbon atom and two 

hydrogen atoms (fig. 2.3a), two carbon atoms and one hydrogen atom (fig. 2.3b), or three 

carbon atoms (fig. 2.3c).

H H

CH CH3

/  \ /  
H3C C H ,

H,C C H ,

CH,
CH,

+ H3C CH3

\ /
CHg

CH3

Fig. 2.3: Carbonium ions
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Carbénium ions, on the other hand, are involved in the chain propagation of cracking, 

skeletal and double bond isomérisation, alkylation and oligomerisation reactions (Corma et 

al., (1996)). A carbénium ion usually is formed as a hydride is abstracted from an alkane 

by a Lewis acid or from initially formed carbonium ions, which rearrange to hydrogen -  

protonated isomers, which in turn dissociate into hydrogen plus the corresponding 

carbénium ion (Boronat et al., (1999)). Figure 2.5 provides a summary of these mechanisms 

(Dwyer and O ’Malley (1988)).

Carbénium ions are tricoordinated. The stability of a carbénium ion is strongly dependent 

on the nature of the carbon atom that formally bears the charge. Tertiary carbénium ions 

(fig. 2.4c) are about 40 -60  kJ/mol more stable than secondary carbénium ions (fig. 2.4b), 

which are about 70 -  105 kJ/mol more stable than primary carbénium ions (fig. 2.4a) 

(Jentoft and Gates (1997)).

C H ,

H3C. C H ,

Fig. 2.4: Carbénium ions
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+H* via Broensted Acid 
site

-Hg or 
alkane

-H^via Lewis Acid site

-e^ via electron  
acceptor site +H* via 

Broensted Acid 
site

-Hg via

Hydrocarbon

Product

Radical

Olefin

C arbénium  ion

Carbonium  ion

dehydrogenation

Fig. 2.5: Reaction paths in acidic zeolites for hydrocarbons via carbénium ions.

Pioneer ab initio quantum chemical calculations by Kazansky et al., (1991, 1994a, 1996, 

1997) have demonstrated that both the adsorbed carbonium and carbénium ions in the 

surface of the zeolite, represent not the reaction intermediates, but the transition states of 

corresponding elementary reactions. Although the geometry and charge distribution in such 

activated complexes very much resemble those of free carbocations, the adsorbed species 

are strongly held at the active sites of the catalyst by Coulomb interactions. They stated that 

this resulted in different structures of the transition states for different elementary reactions 

and actually modified the reactivity o f the adsorbed species in comparison with free 

carbocations.
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In one case (Kazansky and Senchenya (1991)), they concluded that the adsorbed carbénium 

ions represent the activated complexes, whereas the real surface intermediates resulting 

from olefin interaction with bridging hydroxyl groups of zeolites are the covalently bonded 

alkoxides. The latter species are formed from the surface n - complexes through the 

carbénium ion - like transition state, which strongly resemble in geometry and charge 

distribution the classical carbénium ions.

From figure 2.5, the disappearance of the reactant can occur via two different mechanisms. 

The first, which is monomolecular, involves the formation of carbonium ions followed by 

cracking. The second one, which is bimolecular, would occur by hydride transfer reactions 

and further evolution of carbénium ions; in such a manner that this would be a chain 

mechanism (reaction l)(fig: 2.6).

Reaction 1

Hz

C H ,C  + H * -

H ,C  C

H,

HjC I ^  C 
H I

" 3 ^  C

H J ,

CM , +

H3C \  CH,
HzC \cH,

H3C   H3C + H3C — CHj*  ► HjC — CH;

Fig. 2.6: Chain mechanism reaction scheme (Humphries et al., (1993)).
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Once formed, carbénium ions can pursue a number of different reactions, which are 

determined by the nature and the strength of the acid sites involved (Humphries et al.,

(1993)). The three dominant reactions of carbénium ions are:

1. The cracking of a carbon -  carbon bond or P - scission.

2. Hydrogen transfer

3. Isomérisation

The cracking reaction, otherwise known as beta -  scission, is a key feature of ionic 

cracking and is responsible for the majority of motor transportation fuels produced by crude 

oil (Humphries et al., (1993)). In this process (fig. 2.7), the C -  C bond located in the beta 

position to the carbon atom with the positive charge is broken. The energy required to split 

this bond is lower than that needed to break adjacent C -  C bonds, since a higher activation 

energy is necessary for methane and ethane formation. The products of this reaction are an 

olefin and a new carbénium ion, which in turn initiates the same mechanism as above.

H c ^2 Reaction 2

H

/  HgC \ cH3 HgC
C

-CH,

Fig. 2.7: p - scission reaction scheme (Humphries et al., (1993)).
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There are other reactions besides p - scission, which affect aromatic and olefin selectivities 

and are ultimately responsible for coke formation (Kazansky (1994b), Jentoft and Gates 

(1997)). These reactions are called hydrogen transfer reactions and are very sensitive to site 

density and catalyst structure (reaction 3)(fig. 2.8). Hydrogen transfer should be clearly 

differentiated from the hydride transfer reactions, which play a determinant role in chain 

propagation. The difference between hydrogen and hydride transfer reactions is that 

hydrogen transfer reactions do not change the final hydrogen distribution in the products.

The first step can be explained by the fact that the most stable alkene will be produced, 

which is the one that is most highly substituted. Because the olefins are better bases, they 

are most reactive than paraffins. This means that when some olefins are present in the 

reactants, carbénium ions are readily formed.

HjC H Reaction 3 ^

c c

H I
H

H,C I

H,

Fig. 2.8: Hydrogen transfer reaction scheme (part 1) (Humphries et al., (1993)).

On the other hand, hydrogen transfer involves a net transfer of H2 from one molecule to 

another and hence, hydrogenated and dehydrogenated products are produced (reaction 

4)(fig. 2.9).
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R ea ctio n  4  H3C
H,C

\
C* ^ " 3  + c  C CH3  ^  CH ^ ^3  c

'  '  / \ c /  • '
H C  ^
^  I H3C C Ç H3C I /  c  c

H3 I I H; I I
"2 H; Hj Hj

Fig. 2.9: Hydrogen transfer reaction scheme (part 2) (Humphries et al., (1993)).

The isomérisation of carbénium ions can occur via a charge (reaction 5)(fig. 2.10) or a 

skeletal process (reaction 6)(fig.2.10). Although hydrogen shifts of this type are much 

faster than alkyl shifts, both types of migration are relatively easy for carbénium ions, 

leading to product configuration with high ratios of branched to normal products. 

Isomérisation also allows primary carbénium ions to rearrange to more stable species prior 

top -sc ission  (Humphries et al., (1993)).

Reaction 5

C H 3 ------ C+H -------- C H 3  ► C H 3   CHg------------ C+Hg

Reaction 6

C H j—  CH2— C H — C H 2 - C H 2 R -----------► C H 3 -  C - C H 2 - C H 2 R  ► C H 2 - C H - C H 2 - C H 2 R

cl
Fig. 2.10: Isomérisation of carbénium ions (Humphries et al., (1993)).

Other reactions such as alkylation, cyclisation and condensation also occur during catalytic 

cracking, along with some reverse reactions such as polymerisation, dealkylation and 

dehydrogenation. The global mechanisms described above are, therefore, very complex and
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consequently any process or catalyst variable, which modifies the relative importance of 

any of the reactions previously considered, has a profound effect on product selectivity.

2.3 SHAPE SELECTIVITY

It is generally accepted that zeolites catalyse via carbénium or carbonium ion intermediates, 

similar to reactions catalysed by strong acids in homogeneous media. The final product 

distribution, however, is greatly influenced by steric and transport restrictions imposed by 

the narrow zeolitic pore structure. The term used to describe these effects is called shape 

selectivity.

Transport of reactants or products is affected strongly by the channel shape and size. 

Zeolite pores may selectively allow molecules to pass through. Similarly, if  there is not 

sufficient space in the zeolite pores to allow formation of the transition state for a step in a 

catalytic cycle, then that cycle is suppressed (Gates (1992)). In the case of hydrocarbon 

cracking, the rate of reaction is often determined by the rate of diffusion, as it is the rate- 

limiting step.

Shape selectivity can be divided into three major classes:

• Reactant shape selectivity; the term shape selectivity can be very well visualised by the 

following example. The shape of the reactant determines if it can pass into the zeolite 

pore. In the example below (fig. 2.11), the methyl side chain prevents the isooctane
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molecule passing into the channel, while the n-octane has no difficulty entering the 

zeolite structure.

A C C E P T

R E J E C T

Fig. 2.11: Reactant shape selectivity.

• Product shape selectivity; this occurs when the products formed inside the pores are too 

large to diffuse out. This way, the products formed inside the pores o f the zeolite will 

react further to form a less bulky product faster than they will be able to diffuse out o f 

the channels. In the example below (fig. 2.12) a methyl side chain is added onto a 

toluene molecule to form xylene. O f the three possible isomer products - ortho, meta and 

para - xylene, only the latter can diffuse out. Ortho and meta xylenes isomerise to para -  

xylene that diffuses out o f the zeolite much faster, changing this way the equilibrium 

distribution o f the three isomers.
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CH.OH +

Fig. 2.12: Product shape selectivity.

Restricted transition state shape selectivity (fig. 2.13); this form o f shape selectivity can 

limit or prevent the formation o f intermediates in a reaction. The reactions, which require 

the smallest transition state, will proceed unhindered. This means that a reaction is limited 

by its mechanism rather than diffusion limitations. The figure below shows m-xylene 

unable to form a transition state to give 1,3,5 trimethylbenzene, but able to form the 

transition state to give 1,2,4 trimethylbenzene. Bulky transition states, e.g. those fonned in 

bimolecular reactions o f branched alkanes, are too large to fit in the confined spaces of 

some zeolite pores, and thus some reaction pathways are excluded. Geometric effects 

associated with the narrow pores also hinder the formation o f coke and thus the 

deactivation o f some zeolite catalysts (Jentoft and Gates (1997)).
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Fig. 2.13: Restricted transition - state shape selectivity.

Other types o f selectivity are also discussed in the literature, but only one o f these is o f 

interest in our case, namely the so - called concentration effect. In a normal vapour phase at 

high temperature, the concentration o f the molecules is relatively low. For the reactants that 

are trapped inside the pores o f the zeolite or have a reduced rate o f diffusion, the residence 

time will be increased and so will the concentration. As it is known from the basic kinetics, 

the rate o f reaction for a bimolecular reaction is increasing with increasing the 

concentration o f the reactants. Therefore, the bimolecular reactions will be in favour to the 

mono - molecular ones. According to Dwyer and O ’Malley (1988), the mono - molecular 

reaction is favoured from the bimolecular one as the temperature increases.

Shape selectivity can be improved by reducing the number o f active sites on the external 

surface o f the zeolite crystallite as they do not show any shape selectivity, or by modifying 

pore size and pore structure. Poisoning with a large molecule can neutralise the external
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surface of the molecular sieve. Decreasing the aluminium content in the last stage of 

crystallisation of ZSM -  5 zeolites also reduces the number of crystallites, increases the 

crystallite size and hence improves shape selectivity. The pore size may be controlled by 

treatment with phosphorus, magnesium compounds, or tetra -methyl - ortho - silicate 

(Csicsery (1985)).

2.4 COKING AND DEACTIVATION OF ZEOLITES

All the reactions of organic compounds on solid catalysts are accompanied by the 

formation of heavy by - products, which form a deposit on the surface of the catalyst and 

provoke deactivation. This deactivation of zeolites is mainly due to the formation of much 

heavier secondary products than the reactants and the desired products. These secondary 

products remain trapped either in the pores of the zeolite or in the outer surface of the 

crystallites.^iThe deactivation rate depends obviously on the relative rate of formation of 

these by - products, a rate which can be very different from one catalytic system (catalyst + 

reaction) to another. Thus, in reforming, only one carbon out of 200,000 activated by the 

catalyst is transformed into coke, while in the cracking of heavy petroleum fractions this 

can be more than one out of 20 (Barbier (1986)).

The rate of coke formation and its composition depends on the pore structure, active sites, 

and temperature.
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2.4.1 Pore structure effect

Coke formation is a shape selective reaction; the coking tendency is an intrinsic property o f 

the zeolite pore structure. Since most o f  the reactions catalysed by zeolites are occurring 

inside the cages (cavities) and in the channel intersections (apertures) where the acid sites 

are placed, coke is mainly formed inside the pores. Since the size o f the intermediates and 

transition states involved in the formation o f coke molecules is close to the size o f the space 

available near the acid sites (cavities, channel intersections) steric constraints will 

necessarily limit the formation o f these intermediates. The significance o f these constraints 

depends not only on the relative size o f the intermediates and cavities but also on their 

shape.V he great coke resistance o f ZSM-5 was attributed to its pore structure only, which 

does not allow the formation o f large coke molecules. However, the low density o f their 

acid sites contributes to the low coking rate found with these zeolites (Guisnet and 

Magnoux (1992a)).

However, the effect o f the zeolite pore structure is not limited to steric constraints on the 

formation o f coke precursors. Indeed the contact time o f the organic molecule with the 

active sites depends on the rate o f diffusion o f these molecules, and hence, on the 

characteristics o f the diffusion path inside the zeolite crystallites; the length related to the 

crystallite size, the size o f the pore apertures, the size o f the channel intersections and the 

acid site density (Guisnet and Magnoux (1992a)).
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The pore structure of the zeolite must therefore be chosen so that firstly, the space inside 

the vicinity of the acid sites is large enough to allow the formation of the intermediates of 

the desired reaction and small enough to limit by steric constraints the formation of coking 

intermediates. Secondly, the diffusion of the desirable molecules must be rapid enough for 

the reactant transformation to be limited to the formation of the desired product.

2.4.2 Active sites effect

The rate of reactions occurring through heterogeneous acid catalysis is obviously 

determined by the characteristics of the acid sites, i.e. their number, strength and density. 

Coke, is formed preferentially on the strongest acid sites and causes their deactivation. Since 

these sites are the most active, the initial deactivating effect of coke will be more 

pronounced than if all the active sites were of the same strength. The deactivation effect of 

coke will decrease when the coke content decreases (Guisnet and Magnoux (1989)), i.e. 

coke deactivates the coking reactions too. This means that the strongest acid sites will be 

deactivated first and at a very high rate. In fact, the initial rate of deactivation in a typical 

cracking process is so rapid that the catalyst is decayed by 99% within a minute, and this is 

attributed to the first carbénium ion attached to the pristine acid sites. This adsorbed 

carbénium ion has a lower activity, i.e. lower strength, than the pristine acid sites, and for 

that reason the further formation of coke is slower (Butt and Petersen (1988), Guisnet and 

Magnoux (1989)).
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The formation of high molecular coke takes several reaction steps, so the more times the 

reactant encounters an active site when diffusing through the zeolite, the higher the risk for 

converting into coke. Similarly the higher the number of active sites the higher the amount 

of coke formed will be. Also, some bimolecular reactions require more than one acid site 

(e.g. hydrogen transfer), which is part of the coke formation. Therefore, a higher density of 

acid sites will lead to higher coke content (Magnoux et al., (1987), Babitz et al., (1997)).

2.4.3 Temperature effect

It is widely accepted that the higher the temperature, the higher the formation of 

carbonaceous compounds. As the Arrhenius equation describes, raising the temperature 

increases the rate of reaction. Some reactions are more sensitive to changes in temperature 

than others, and those are the ones with the highest activation energy. For instance, the 

selectivity for secondary carbénium ions (high Ea) compared to tertiary carbénium ions 

(low Ea) will increase with increasing temperature. Generally, coke formed at higher 

temperatures has a lower carbon to hydrogen (C/H) ratio (Guisnet and Magnoux (1989, 

1992a, 1992b), Boucheffa et al., (1997)). This is because of a higher aromatic content, 

which at the end leads to graphite or a graphite like structure, formed through alkylation, 

cyclisation and dehydrogenation. These reactions are favoured at higher temperatures. 

From several experiments it has been shown that the amount of polyaromatics leading to 

graphite is increasing with temperature (Guisnet and Magnoux (1989), Marecot et al., 

(1992), Boucheffa et al., (1997)). The physical effect of low temperature is higher 

adsorption. At high temperatures, the retention of coke is mainly due to trapping in the
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blocked pores, while at low temperatures because of a stronger adsorption (Guisnet and 

Magnoux (1989, 1992a, 1992b), Magnoux et al., (1999)) that lowers the volatility of the 

formed molecules.

However, Cerqueira et al., (2000), investigated the influence of coke formed during m -  

xylene transformation over USHY zeolite at 520 and 720 K. They found that for a short 

time -  on -  stream (5 min) the amount of coke was greater at 520 K than at 720 K. The 

explanation given was that of an easier retention, at lower temperatures, of coke precursors 

in the zeolite micropores. All the coke components were located inside the pores. Coke 

formed at 520 K was mainly constituted by methyl substituted polyaromatic compounds, 

with three aromatic rings. Coke formed at 720 K was more polyaromatic, methyl pyrenic 

compounds being the main coke components.

Temperature has a crucial bearing on the chemical nature of the coke produced. Some 

authors have distinguished the formation of coke between “low -  temperature coke” and 

“high -  temperature coke” (Guisnet and Magnoux (1989, 1992a, 1992b)). The former is 

formed at temperatures of 300 -  500 K, and consists mainly of branched saturated 

hydrocarbons with a similar C/H elemental ratio to the reactants, while the latter is formed 

at temperatures above 550 K, and consists of aromatic and poluaromatic species with a 

lower H/C ratio than the reactants. A simple scheme for the formation of high -  

temperature coke involves cracking to olefins, followed by oligomerisation, cyclisation and 

hydrogen transfer reactions, thus (Paweewan et al., (1998)): 

paraffins -> olefins -> napthenes -> aromatics -> polyaromatics.
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As a result of these reactions, it is sometimes difficult to compare formation results from 

different laboratories when different temperatures are used, even when the so -  called high 

-  temperature coke is the only product.

2.4.4 Modes of deactivation

The compounds responsible for the zeolite deactivation can be situated inside the 

micropores and/or on the outer surface. The effect the coke molecules have on the cracking 

activity of the various zeolites can be explained by three different modes of deactivation.

• Limitation of the access of the reactant molecules to the active sites.

• Blockage of the access to the sites of the cavities (or of the channel intersections) in 

which the coke molecules are located.

• Blockage of the access of the internal pore volume i.e. channels blockage or 

blockage of the access to the cavities or the channel intersections in which there are 

no coke molecules.

The pore structure of the zeolite determines for a large part the deactivating effect of coke. 

When the pore system is constituted of non interconnecting channels, deactivation occurs 

through pore blockage. The first coke molecules formed in the large channels are retained 

because of their low volatility. One coke molecule is enough to inhibit the diffusion of the
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reactant to the active sites o f the channels (fig.2.14). Coke has therefore a great deactivation 

effect.

E
Fig. 2.14; Mode o f deactivation o f a zeolite with non-interconnecting channels (e. 
HMOR)

Wlien the pore system is constituted o f interconnecting channels without cavities, 

deactivation occurs initially through limitation o f the access to the active sites, then 

blockage o f the access to the sites o f the channel intersection in which the coke molecules 

are situated. Lastly at high coke content, coke molecules located on the outer surface o f the 

crystallites can block the access to the sites o f channel intersections in which there are no 

coke molecules (fig. 2.15). It is exactly the same situation when interconnected cages 

whose apertures are larger than the size o f the reactant and product molecules (fig. 2.16) 

constitute the pore system. For these zeolites, coke has a moderate deactivating effect.

Fig. 2.15: Modes o f deactivation o f a zeolite with interconnecting channels and without 
cavities (e.g. HZSM5).
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Fig.2.16: Modes o f deactivation o f a zeolite with interconnecting cages with large apertures 
(e.g. USHY).

When the pore system comprises o f cavities with small apertures, molecules o f coke 

precursors limit the access to the active sites o f the inner cavities. They react rapidly with 

other compounds to give coke molecules, which block the access to the active sites o f the 

inner cages (fig. 2.17). This deactivation, as in the non-interconnecting channel system, is 

therefore very rapid.

Fig. 2.17: Modes o f deactivation o f a zeolite with cages and small apertures (e.g. HERI).
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2.4.5 Coke characterisation

Coke formation was investigated by Besset et al., (1999) during n -  heptane cracking at 

450°C over a H -  MWW zeolite. Coke was found to be constituted of 5 main families:

Family A -  mainly naphthalenes 

Family B -  mainly phenanthrenes

Family C -  pyrene, benzophenanthrene, cyclopentapyrene and dibenzophenanthrene 

derivatives

Family D -  indenopyrene, benzoperylene, dibenzochrysene and coronese derivatives 

Family E -  highly polyaromatic compounds

From the above, it is obvious that in order to optimise catalyst regeneration, information 

regarding coke characterisation should be obtained because the location and the structure of 

coke greatly influence catalytic cracking. Coke deposition on zeolites is a complex process 

that involves several different routes with different intermediates and several different 

mechanisms. Despite intensive efforts made by catalyst scientists to study catalyst 

deactivation, our understanding of the nature of coke and its effect on different functions of 

the catalyst is still not complete (Guisnet and Magnoux (1989), Beimaert and Vermeulen

(1994), Liu et al., (1997), Li and Brown (1999), Besset et al., (1999), Guisnet et al., (2000), 

Callejas et a l, (2001)).

56



Chapter 2: Literature survey

A number of studies on hydrocarbon deposits have been carried out by IR spectroscopy. 

Whatever the catalyst used or the nature of the coking agent, the overall results obtained 

show the regular presence of aromatic C -  H bonds, of methylene groups and of aromatic 

rings in all instances. Extraction of coke with various organic solvents, after dissolving the 

inorganic matrix of the zeolite, permits its chemical analysis via GC -  MS, which confirms 

its polyaromatic nature (Barbier (1986), Biswas et al., (1987), Schraut et al., (1987), 

Henriques et al., (1997), Besset et al., (1999), Guisnet et al., (2000), Callejas et al., (2001), 

De Lucas et al., (2001)).

2.5 CATALYTIC CRACKING

2.5.1 General

No other petroleum refining process, except for physical separation by distillation, has had 

a longer history, or more of an impact on the industry than cracking of heavy hydrocarbon 

molecules to lighter ones.

The increasing use of automobiles in the beginning of the century quickly consumed 

available “natural” gasoline, and to meet the needs, petroleum companies have been finding 

and producing more crude oil. But complex supply and distribution considerations, coupled 

with recurring “energy crises”, have pushed refiners to upgrade less valuable petroleum 

products to gasoline. This need spurred W. Burton, of crude -  poor Standard Oil Company 

of Indiana, to commercialise the first thermal cracking process in 1913. Two other methods
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to upgrade heavy -  ends to gasoline were developed later: hydrocracking and catalytic 

cracking (Avidan (1993)).

Catalytic cracking was discovered in the 1920’s, when heavy petroleum fractions cracked 

over a solid catalyst to lighter molecules. While clay and aluminas are still important 

ingredients of cracking catalyst, it was the introduction of zeolites by the Socony -  Vacuum 

Oil Company in 1962, which revolutionised catalytic cracking (Avidan (1993)).

Today’s FCC catalysts have grown increasingly complex and they catalyse a variety of 

desired reactions. The heart of the cracking catalyst is the Y zeolite, available in many 

derivatives of varying physical and chemical properties. The main catalytic cracking 

reactions are:

• Cracking of paraffins

• Isomérisation of olefins

• Dehydrogenation of naphthenes and olefins

• Hydrogen transfer

• Cyclisation and condensation of olefins

• Alkylation and dealkylation.

There are hundreds of reactions between thousands of components, intermediates and 

products in catalytic cracking. This complexity greatly hinders the understanding of
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catalytic cracking. To alleviate this complexity, research laboratories follow several routes 

(Kissin (2001)):

• Comparative studies of cracking reactions of individual components of different 

molecular weights and structure.

• Carrying out cracking reactions at 200 -  300 °C, when reaction yields are much 

lower, as well as the number of products.

• Measuring relative reactivities of large arrays o f normal and iso -  compounds, 

under the same conditions in expectation that the reactivity data will provide 

information about the reaction mechanism.

• Because all catalysts used for catalytic cracking, zeolites and amorphous 

aluminosilicates, have acidic properties, parallel studies of cracking of paraffins and 

olefins with the same skeletons are conducted.

In total the number of publications devoted to catalytic cracking of paraffins and olefins is 

very large. However, only a very small fraction of them have a complete picture of the 

mechanism of catalytic cracking, and a unified theory has yet to be formed (Kissin (2001)).

2.5.2 Catalytic cracking of paraffins

When catalytic cracking reactions of individual alkanes over zeolites are carried at 

sufficiently high temperatures, i.e. over 400 °C, they generate various products. Usually, 

many products are formed with broadly comparable yields from a single hydrocarbon. It is
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generally accepted that catalytic cracking of hydrocarbons involve several reaction steps. 

Kissin (1996, 1998), have suggested that the first step of cracking a €„ H 2n+ 2 alkane 

includes the formation of reactive species Cp with the same carbon atom number and their 

subsequent isomérisation. The products of this step, iso - Cp , are the primary reaction 

products. The second reaction step includes the fission of at least one C-C bond. The 

products of this reaction, hydrocarbons Cm , with l<m<n, are called secondary products of 

cracking reactions.

Primary products : iso - Cp

Cp H 2n+ 2 — intermediate Cp

Secondary products : Cm

Over the last few decades, there is an increase in the investigation of reactions of 

hydrocarbons on zeolites. However, special care has been given in the cracking of small (C 4  

-  Cô) hydrocarbons, since small molecules allow one to readily identify and investigate the 

individual steps in an otherwise complex reaction scheme. Many researchers (Abbot and 

Wojciechowski (1988), Lombardo and Hall (1988), Kogelbauer and Lercher (1990), Corma 

et al., (1994a), Yaluris et al., (1995a), Yaluris et al., (1995b), Chao et al., (1995), De Jong 

et al., (1996), Knozinger (1998), Vera et al., (1999), Baburek and Novakova (1999), 

Pirngruber et al., (1999), Risch and Wolf (2000)) have investigated the cracking of 

molecules as small as n-butane and isobutane, since even these require a large number of 

reaction steps to describe the major observed products. Isobutane cracking and in general 

any catalytic cracking, has been described by different reaction schemes that include 

carbénium ion initiation, p -  scission, oligomerisation, proton transfer, isomérisation.
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alkylation and hydride ion transfer reactions. Though the fundamental chemistry of 

catalytic cracking remains unchanged, different experimental conditions or changes in acid 

strength change the relative rates of these schemes and thus alter catalytic activity and 

selectivity.

Many authors (Abbot and Wojciechowski (1988), Lombardo and Hall (1988), Corma et al., 

(1994a), Yaluris et al., (1995a), Yaluris et al., (1995b)) reported that during isobutane 

cracking over zeolites, there are 6  major reaction schemes giving 1 2  major products’ 

depending on the experimental conditions used. They have concluded that initiation 

reactions are irreversible, insensitive to conversion and form olefins. It is assumed that 

hydrogen formation via C -  H bond protolysis and methane formation via C - C  bond 

protolysis are the two initiation reactions that depend on the temperature and the Broensted 

acid strength of the catalyst. Hydride ion transfer reactions are also irreversible and form 

paraffins. The decrease in Broensted acid strength results in decreasing rates of hydride ion 

transfer reactions. This decrease in hydride ion transfer rates is larger than the rate decrease 

for initiation reactions and is due to the significantly lower carbénium ion coverage of the 

catalyst. Madon (1991) suggested that acid strength influences the rates of hydride ion 

transfer because strong Broensted acidity is necessary to stabilise carbénium ions on the 

surface of the catalyst. It also explains higher olefin selectivity on weak acid catalysts. On 

the other hand, the rates of hydride ion transfer reaction decrease to a lesser extent than 

initiation reaction rates with decreasing temperature (Yaluris et al., (1995a), Yaluris et al., 

(1995b)). Oligomerisation and (3 -  scission reactions are reversible, produce olefins and

' These products are : hydrogen, methane, ethylene, propylene, propane, n -  butane, isobutylene, 1 -  butene, 
trans -  2 -  butene, cis -  2 -  butene, isopentane, and 2 -  methyl -  2 -  butene.
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affect the distribution of C 3 , C4  and C 5 products. Their rates are a function of the carbénium 

ion coverage and the partial pressure of the gas phase olefins. Hence, both components are 

required in substantial amounts before these reactions can proceed at appreciable rates. The 

rates of these reactions do not increase as rapidly as the rates of hydride ion transfer 

reactions. Lowering the Broensted acid strength of the catalyst lowers the rates of 

oligomerisation and p -  scission reactions. Isomérisation reactions are in quasi -  

equilibrium and depend mainly on the temperature, rather than the catalyst acid strength.

The paraffin to olefin ratio in the product mixture is a measure of the tendency of a given 

catalyst to favour hydrogen transfer reactions. These are consecutive reactions, which 

saturate the olefins formed in the primary cracking. Corma et al., (1996), have shown that 

increasing the conversion and the time on stream, for the cracking of C 7 alkanes over 

USHY, Beta and ZSM -  5 zeolites, the paraffin to olefin ratio increases. Similarly, Yaluris 

et al., (1995a, 1995b) have reported that for isobutane cracking over Y -  zeolites, the 

paraffin to olefin ratio increases with increasing conversion and decreases with increasing 

temperature. Others (Abbot and Wojciechowski (1988), Corma et al., (1989), Kogelbauer 

and Lercher (1990)) have observed similar changes with respect to conversion and 

temperature of the paraffin to olefin ratio resulting from the catalytic cracking of various 

hydrocarbons.

Jentoft and Gates (1997), have suggested that the cracking of small alkanes over HZSM -  5 

proceed via two mechanisms. Firstly, the protolytic cracking mechanism (Zhao et al., 

(1993), Bamwenda et al., (1994), Jentoft and Gates (1997), Kotrel et al., (2000)), which
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proceeds via an alkanium ion (carbonium ion) formed by protonation of the alkane by the 

catalyst, producing alkanes and alkenes as well as methane, ethane and hydrogen. And 

secondly, the classical cracking mechanism, which involves carbénium ion chain carriers 

that react with the alkane reactant to abstract hydrides and generate carbénium ions that 

undergo (3 -  scission. The products include alkanes and alkenes, but not methane, ethane or 

hydrogen.

Because protolytic cracking gives alkene products, which are much stronger bases than 

alkanes, the alkenes become the predominant proton acceptors as conversions increase, and 

thus bimolecular cracking prevails at all but the lowest conversions. Protolytic cracking in 

the near absence of secondary reactions has been observed only for propane and n -  butane 

at low conversions; secondary reactions appear to be generally significant for other alkanes. 

A number of authors (Krannila and Haag (1992), Lercher et al., (1994), Jentoft and Gates

(1997), Kotrel et al., (2000)) have presented product distribution data confirming the 

protolytic cracking mechanism. In summary, they indicate the occurrence of protolytic 

cracking with quite some generality for C3 -  Ce alkanes at low conversions when the 

catalyst is HZSM -  5. However, the product distributions closely approach those for pure 

protolytic cracking only for propane and n -  butane with this catalyst, and only in the limit 

of zero conversion.

In the case of the cracking of n -  hexane on zeolites, the protolytic route is claimed to be 

favoured by increasing the reaction temperature, decreasing the aluminum content and the 

pore dimensions of the catalysts (Jolly et al., (1997), Williams et al., (2000)). In particular.
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Jolly et al., (1997) mention that the cracking of n -  hexane over different zeolites at 400 °C 

at low conversions proceeds predominaly through the protolytic monomolecular 

mechanism. This mechanism is favoured at low contact times and low aluminum content of 

the zeolites. Linear olefins are the main products of the cracking of n -  hexane. They also 

mention that the linear olefins -  mainly butenes -  should be considered as the main source 

of the subsequent reactions, notably the hydride transfer reactions. The latter is favoured at 

high conversions, long contact times and high aluminium contents. The degree of 

isomérisation of n -  hexane to 2 -  methyl pentane and 3 -  methyl pentane is very small and 

occurs through that of the corresponding olefins (Wielers and Vaarkamp (1991)). It has 

been shown by Buchanan et al., (1996) that the rate of isomérisation of C5 -  Cg olefins was 

faster than the rate of cracking of olefins over HZSM -  5 zeolite. The appearance of 

isomers prior to appreciable cracking of fed olefins indicated that an olefin typically 

undergo numerous chemisorption and desorption steps before cracking. Also the small 

extent of the isomérisation of n -  hexane through the hexene isomers should be related to 

the greater dimensions of the branched isomers as compared to that of the pores of the 

zeolites. Paweewan et al., (1999), also studied the coke formation and effects of coke 

formation during n -  hexane cracking on ultra - stable zeolite Y. Their product analysis 

revealed that propane and propene are the major products, and they suggested that the 

reaction initiation step was a direct protonation at very strong Broensted acid sites. The 

coke formed had an aromaticy of about 80%, and did not become highly polyaromatic even 

after long times on stream. They suggested that a selective site poisoning mechanism was 

responsible for the deactivation of the catalyst during n -  hexane cracking. Similar results 

obtained by Liu et al., (1997), for cracking of n -  heptane over a commercial Ft -  Re/Al2 0 3
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catalyst. They found that the main coke precursors were five carbon ringed naphthenes 

(C 5N). Ribeiro et al., (1999), studied the cracking of n -  heptane over USHY and HZSM -  

5 at 350 °C. They observed that USHY conversion reduced with time on stream where as 

HZSM -  5 had a good activity retention. Another difference was observed for the 

selectivities of C4  paraffins, which were significantly reduced in HZSM -  5, in relation to 

USHY. The reverse was observed for C 4  olefin selectivities. The olefin / paraffin ratio in 

the cracking products showed that hydrogen transfer processes proceeded to a larger extent 

in USHY, due to its high density of acid sites, its large pore size and the fact that this 

zeolite produced a large amount o f coke. For higher time on stream, the olefin/paraffin ratio 

obtained with USHY increased and reached values in the same range as those obtained for 

the HZSM -  5 zeolite. In HZSM -  5 (and generally medium pore size zeolites) secondary 

bimolecular reactions are sterically restricted. The latter zeolite exhibited the lowest 

hydrogen transfer ability, a fact that is consistent with the low density of acid sites. They 

also found that the high ramification of the C 4  and C 5 products, observed with USHY, is 

typical of large pore zeolites and partially resulted from isomérisation of the n -  heptane 

prior to the scission reaction. The isomer 2, 4 -  dimethyl -  pentane is likely to produce 

isobutane, which is the main cracking product. The shape selective effect of HZSM -  5 

made it difficult to form these isomers, and so the product ramification was much lower in 

these zeolites than in USHY. They concluded that in the formation of light products, the 

smaller pore size and lower acid site density of HZSM -  5 constituted some factors that 

favoured the protolytic mechanism, which caused some increase in the molar concentration 

of C] -  C2 products for this zeolite.
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Smimiotis et ah, (1994, 1999), examined the performance of ZSM -  5, Y, USHY and p -  

zeolite in the cracking of n -  octane and 2,2,4 -  trimethyl -  pentane (isooctane) at 500 °C 

and high conversions. They found that for n -  octane, the selectivities for C3 -  C5 paraffins 

over ZSM -  5 are lower than those over Y and USHY faujasites. Over p -  zeolite the 

selectivities for C4 and C5 are lower, while that for the C3 paraffin is higher that those over 

Y and USHY. The ratio of branched to linear C4 and C5 paraffins was found to be 

approximately unity for ZSM -  5 and p -  zeolite, but was shifted to larger values for Y and 

USHY faujasites. Similar behaviour was observed from Abbot (1989) over HZSM -  5 and 

HY faujasite. The reason for this behaviour is that there is less branching over ZSM -  5 and 

p -  zeolite because of their smaller pore size. In the case of isooctane, they observed that Y 

and USHY exhibited a maximum in their product distribution for C4 hydrocarbons. In 

contrast, for ZSM -  5 the maximum of the product distribution was shifted to aromatics, 

while the Ci -  C5 hydrocarbon selectivities are much smaller than those of the faujasites. p 

-  zeolite provided smaller Ce aromatic selectivities, approaching those of the faujasites, and 

higher C3 and C4 hydrocarbon selectivities in comparison to ZSM -  5. Abbot et al., (1993), 

made similar research for the cracking of n -  octane over HY and HZSM -  5 zeolites at 400 

°C and low conversions. They found that the product distributions were acyclic olefins and 

paraffins, as the dominant products. The maximum in the distribution of total hydrocarbons 

was shifted to lower molecular size on HZSM -  5 relative to that of HY. In particular, they 

observed that at the same levels of n -  octane conversion, C], C2 and C3 paraffins were 

formed in greater abundance on HZSM -  5 compared to HY. The abundance of olefinic 

products on HY were lower than that on HZSM -  5. This they explained in terms of the 

increased tendency toward hydrogen transfer processes of HY compared to the medium
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pore HZSM -  5 because of steric effects. Another observation was that the cracking of n -  

octane on the individual zeolites, there were significant differences in the branched to linear 

ratios of paraffin products. Branched paraffins were dominant on HY while the linear 

isomers were preferentially formed on HZSM -  5.

The cracking of long chain n -  paraffins have not been studied as extensively as the smaller 

carbon atoms paraffins, resulting in an uncertainty of the mechanisms involved in the 

cracking of these hydrocarbons. However, a few authors (Guerzoni and Abbot (1993), 

Corma et al., (1994b), Corma et al., (1997), Klein and Watson (1997), Lercher et al.,

(1998), Bidabehere and Sedran (2001)) have researched the cracking of long chain n -  

paraffins. Corma et al., (1994b, 1997), have modelled the cracking of n -  decane, n -  

dodecane and n -  tetradecane at very short time on stream on ZSM -  5, USHY and p -  

zeolites. The result was a generation of about 70 different species, with a network of 65 

independent reactions. They considered that the linear paraffins were only formed by 

monomolecular cracking and not through hydride transfer. Such an assumption produced 

the maximum and minimum selectivities of the reactants toward the mono -  and 

bimolecular reactions respectively. They also considered, with the exemption of CH4 , that 

all linear paraffins were formed via hydride transfer and not through a monomolecular 

cracking. With this scheme, they produced a reverse picture of maximal and minimal 

selectivities toward bimolecular and monomolecular reactions, respectively.

Klein and Watson (1997) have modeled the cracking of n -  hexadecane on rare earth Y 

zeolite. They found that the main products of hexadecane cracking included Ci -  C 13
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normal paraffins, C 4  -  C 12 iso - paraffins, and C 2  -  C 9  olefins. The paraffins and olefins 

were produced via cracking and isomérisation reactions. They also observed coke 

formation in the form of aromatic products. The cracking reaction path they suggested 

indicated that all paraffins and olefins were primary products. Some products, namely C 3 -  

Ce normal paraffins, C 4  -  C 9  iso - paraffins and C 3 -  C4  olefins were secondary products. 

Other primary products, namely C 7  -  C 13 normal paraffins, C io- C 12 iso - paraffins and C 5 

-  C 9  olefins underwent secondary reactions, such as hydrogen transfer to produce smaller 

paraffins and olefins. However, Lercher et al., (1998), investigated the cracking of 

hexadecane over fluid catalytic cracking catalysts containing X and Y zeolites. Around 

80% of all products were in the range of C 3 -  Ce. N -  alkanes were the only products found 

with carbon numbers higher than eight. Iso - alkanes or alkenes were not observed in the 

range C 9  -  C 1 6 . The aromatic products found were benzene, toluene and xylenes in small 

amounts. The reaction mechanism they suggested was that of protolytic cracking. 

Dehydrogenation was the primary reaction pathway, while hydride transfer was the 

secondary reaction pathway. They also observed that in hexadecane conversion, it was 

possible to trace the formation of aromatic compounds, which were apparent primary 

products formed by dehydrocyclisation. The active sites of the catalysts were assumed to be 

reactive in coke formation. Therefore, because of the high formation of coke species, all 

reaction products showed a decrease with longer time on stream, due to the blockage of the 

Broensted acid sites of the catalysts.
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2.5.3 Catalytic cracking of olefins

Catalytic cracking of olefins readily occurs over the same acidic catalysts and 

approximately under the same conditions as paraffin cracking, although cracking rates of 

paraffins are significantly lower (Buchanan et al., (1996), Kissin (2001)).

In particular, light olefins have an important role in the day to day production of industrial 

processes, such as the methanol -  to -  gasoline process, the production of aromatic 

compounds, the production of oxygenated compounds, like methyl tert -  butyl ether 

(MTBE) (Asensi et al., (1996)), which is used as gasoline additive in order to boost the 

octane number of lead free gasoline, and in the production of isoprene and methacrylic acid 

which are used in polumer synthesis (Houzvicka and Ponec (1996)).

The study of olefin transformation, particularly light olefins, which are important products 

of catalytic cracking, is far from being complete. The low number of scientific works 

performed about olefins reactivity is remarkable, as compared with the equivalent works 

done using paraffins as reactants.

Reactions of ethene, propene, 1 -  butene and isobutene over HY and USHY zeolites at 350 

”C were studied by Costa et al., (1999c). The formation of considerable amounts of 

products with molecular weight higher than the reactant was evidence that the main 

reaction was the oligomerisation, involving the formation of carbénium ions, which led to 

that oligomerisation. These heavier products subsequently took part to secondary reactions.
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namely scission, cyclisation and aromatisation, leading to the existence of a wide variety of 

products including light hydrocarbons and aromatic compounds. The reactions of ethene 

over HY showed that the major products were in the range of Ci - C 3 compounds, where as 

with USHY the major products were C 4  compounds. The reaction of propene over HY 

showed a higher extent of oligomerisation reaction towards C 5 - Ce compounds compared 

with USHY, where the main products appeared to be in the range of Ci -  C 5 . 1 -  butene 

over both catalysts gave products in the range of C 2  -  Cg, where as isobutene gave C 3 -  C 5 

products. Another observation was that using 1 -  butene as reactant, the molar distribution 

of products practically did not change with time on stream, because 1 -  butene was so 

reactive that the activity was not sensitive to the catalyst deactivation. The formation of 

isobutene from 1 -  butene decreased with time on stream. They proposed that isobutene is 

produced from 1 - butene mainly by the monomolecular mechanism and not by secondary 

reactions of oligomers scission.

Dzikh et al., (1999) also examined the transformations of ethene, propene, and isobutene 

over ZSM -  5 at 350 ”C. From propene, the main reaction products were butenes and 

pentenes. Ethene, C 3 -  Ce alkanes, hexenes and aromatics were observed in lower amounts. 

From ethene and isobutene, the main products were propene, butenes and pentenes, C 3 -  C 7  

alkanes, hexenes, heptenes, aliphatic hydrocarbons Cg and aromatics were also observed. 

The trans -  2 -  butene and cis -  2 -  butene were formed in equimolar proportions. Also, 

methane and ethane were obtained in minor quantities in all cases. The proposed reaction 

mechanism involved the protonation of the olefins, by direct interaction between an olefin
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molecule and an acid site, but for the longer times on stream it was likely that there was 

direct interactions between a gas phase olefin molecule and an adsorbed carbocation.

The main steps that can be considered afterwards are (Guisnet and Gnep (1996)):

• Oligomerisation, or alkylation of one -  gas phas alkene molecule by an adsorbed 

carbocation.

• Isomérisation of the oligomers.

• Cracking of the intermediate carbénium ions.

Dzikh et al., 1999), also proposed that the main products (propene, butenes and pentenes) 

of light alkene transformation could be formed by various pathways. Propene and pentenes 

could result, from scission of trimethyl pentane, dimethyl pentane or methyl hexane. He 

proposed that the most favourable reactions are the ones that involve the conversion of a 

secondary carbocation into a tertiary and from a tertiary to a secondary one. The formation 

of branched isomers could occur at specific sites but its net production would be hindered 

by transport limitations of these species in the catalyst channels.

The formation of carbonaceous compounds (coke) from propene and isobutene on a high 

activity 5A zeolite was investigated by Guisnet and Gnep (1996) and Boucheffa et al., 

(1997). In the range of the operating conditions of the adsorption processes (150 -350 °C), 

propene and isobutene were transformed into compounds, which remained trapped inside 

the zeolite pores. At low temperatures (100 -  150°C), these compounds resulted from 

oligomerisation on the zeolite acid sites, part of these oligomers undergoing hydrogen
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transfer in vacuum up to high temperatures (550 ®C). At high temperatures (350 -  420 °C), 

there was formation of aromatics and polyaromatics, which could not be removed from the 

zeolite by thermal treatment. At low temperatures, coke molecules formed from propene 

were homogeneously distributed inside the zeolite crystallites, while those formed from 

isobutene were preferentially located in the cages near the outer surface of the crystallites. 

At high temperatures, whatever the origin of coke (from propene or isobutene), 

polyaromatics formed from the growth of aromatic molecules blocked in the cages near the 

outer surface, grew into this surface, causing a blockage of the access of the reactants to the 

zeolite pores, and thus, the deactivation of the zeolite.

The reactivity of propene, n -  butene and isobutene in the cracking of n -  hexane at 400 °C 

over HZSM -  5, HY and HM zeolites were studied by Lukyanov (1994). It was 

demonstrated that an increase in n -  hexane conversion was followed by a linear increase in 

the concentrations of the product olefins: propene, n -  butene and isobutene. These olefins 

interacted then with n -  hexane via hydrogen transfer mechanisms and produced, in this 

way, propane, n -  butane and isobutane. The results demonstrated that in the absence of 

steric constraints (large pore HY and HM zeolites), isobutene was approximately 5 times 

more reactive in hydrogen transfer than n -  butene. The latter, in turn, was about 1.3 times 

more reactive than propene. With the medium pore HZSM -  5 zeolite, steric inhibition of 

the hydrogen transfer between n -  hexane and isobutene was observed. This resulted in a 

sharp decrease in isobutene reactivity; over HZSM -  5 zeolites, isobutene was only 1.2 

times more reactive than n -  butene.
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Many authors have investigated the skeletal isomérisation of 1 -  butene into isobutene over 

different acidic zeolites, since isobutene is a valuable raw material for the synthesis of 

MTBE and TEA (Xu et ah, (1995), Baeck et ah, (1998), Kwak and Sung (1998), Finelli et 

ah (1999), Houzvicka et ah, (1997), Houzvicka et ah, (1999), Guisnet et ah (1998), 

Nicolaides and Butler (1993), Domokos et ah, (2000), Pimgruber et ah, (2000), Rutenbeck 

et ah, (2001)). Isobutene is believed to be formed from n -  butene via a methyl 

cyclopropane carbénium ion intermediate. Dimérisation of butene molecules is a primary 

side reaction for n -  butene skeletal isomérisation. The dimerised products (octenes) are 

further cracked into propylene and pentanes via P -  scission of carbénium ion 

intermediates.

The results showed that the conversion of 1 -  butene decreased with time on stream, as the 

result of reduced activity of the catalysts, while the selectivity to isobutene was increased. 

The main byproducts were C 3 -  C 5 hydrocarbons, which were probably formed as the result 

of dimérisation and subsequent cracking on the strong acid sites, which contained sufficient 

space around them to permit this. They showed that all side reactions in the skeletal 

isomérisation of n -  butene are largely controlled by two factors, i.e., acidity and limitation 

of pore opening. Kwak and Sung (1998) suggested that when only major products are 

considered there are two reaction mechanisms for the skeletal isomérisation of 1 -  butene :

2  isobutene (la)

2  1 -  butene octene

propene + pentene (lb)

1 -  butene isobutene (2 )
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If the isomérisation occurs following reaction (la), according to a bimolecular reaction 

mechanism or dimérisation -  cracking mechanism, considerable amounts of propene and 

pentene should be formed via reaction (lb) as well. Acid treatment of the catalyst results in 

a much higher formation of isobutene through a monomolecular reaction path (2 ), as the 

high selectivity to isobutene cannot be achieved if the bimolecular reaction path is 

controlling.

Some authors (Houzvicka et al., (1997), Finelli et al., (1999), Houzvicka et al., (1999), 

Pimgruber et al., (2000)) investigated the performance of different zeolites during the n- 

butene skeletal isomérisation. The results showed a rapid decrease in activity and an 

increase in isobutene selectivity with time on stream. The reason for the rapid deactivation 

was the formation of coke from both 1 -  butene and isobutene. The rate - determining step 

in the formation of coke was the firm anchoring of hydrocarbons on the surface of the 

catalysts. Isobutene formed in the pore must escape out of the pore into the gas phase. 

However, the highly reactive isobutene molecule undergoes a collision path, which 

increases the extent of consecutive reactions, leading to byproducts. The authors concluded 

that the 8  -  membered ring zeolites were not suitable for the skeletal isomérisation of n- 

butene to isobutene because their pore diameter did not allow diffusion of isobutene. The 

1 2  -  membered ring zeolites did not suppress the formation of carbonaceous deposits, 

resulting in a rapid blockage of their pores. The most suitable zeolites were the 10 -  

membered ring ones, as isobutene could diffuse through these pores, while the formation of 

its dimers, leading to byproducts was suppressed.
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Alkylation involves the addition of an alkyl group to an organic molecule. Thus, an iso -  

paraffin can react with an olefin to provide an iso -  paraffin of higher molecular weight. 

Industrially, alkylation often involves the reaction of a C2 -  C5 olefin with isobutane in the 

presence of acid catalysts to produce a so -  called alkylate. Alkylates are valuable blending 

components for the manufacture of premium gasolines due to their high octane ratings 

(Chou et al., (1990)). Studies of isobutane / butene alkylation (Corma and Martinez (1993), 

Corma et al., (1994c), Simpson et al., (1996), Nivarthy et al., (1998)) have focused on large 

pore zeolites such as BE A, Y, MCM, as smaller pore zeolites favor the formation of bulky 

Cg alkanes such as trimethylpentanes, which lead to catalyst deactivation.

The number of publications concerning the catalytic cracking of C5 -  Cg olefins and their 

mechanisms is small compared to those of small olefins (Corma et al., (1990), Smimiotis 

and Ruchenstein (1994), Buchanan et al., (1996), Teraishi (1998), Natal -  Santiago et al.,

(1999), Hey et al., (1999), Li and Brown (1999)). Especially, Buchanan et al., (1996), 

studied the cracking of C5 -  Cg olefins over ZSM -  5 at 510 °C. They observed that the 

cracking of olefins increased dramatically, especially for C5 through C7 , with comparison to 

the cracking of paraffins, because more energetically favourable modes became available 

for p -  scission of the carbénium ion formed by protonation of the olefin. Selectivities 

towards paraffins were less than 1 %, except for pentene, which had a methane selectivity of 

about 3%. The product distribution for 2 -  pentene, mainly ethylene and propylene, 

indicated monomolecular cracking, although the butene product and the excess of 

propylene over ethylene indicated some dimérisation cracking. The formation of other
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products such as pentane and cyclopentene, indicated the occurrence of significant 

secondary reactions during pentene cracking. For hexene and heptene, however, over 99% 

of the cracking occurred by a single cracking step to produce two smaller olefin molecules 

per feed molecule cracked. The secondary bimolecular reactions of the products were 

negligible, as indicated by the absence of paraffins, which resulted from bimolecular 

reactions. The percentage of isobutene in butenes cracking from hexene was around 30%. 

The cracking of heptene produced mainly isobutene, around 75%, even though the feed 

molecule was linear. For octene cracking, the selectivity to propylene and pentene exceeded 

the selectivity to butenes, and the percent of isobutene in butenes was only 44%. All Ce -  

Cg olefins isomerised much faster than they cracked. In perticular, the isomérisation of 

octene led to a large number of isomers. The structural isomers consisted of linear octene, 

three methyl -  pentenes, five dimethyl -  hexenes, four trimethyl -  penetenes, and two 

isomers with ethyl side chains.

Corma et al., (1990), studied the mechanism of cracking of 1-octene over USHY, and 

observed that it takes place via the monomolecular p -  scission and/or via the nonclassical 

carbénium ion, resulting in an olefin and a lighter carbénium ion. Hydrogen transfer 

reactions between the olefins generated, resulted in the saturation of the olefins to paraffins 

and the formation of arromatics. In another study by Smimiotis and Ruchenstein (1994),

with 1 -  octene as reactant over ZSM -  5, P and USHY as catalysts, it was observed that

the product distribution over ZSM -  5 was shifted to Ce hydrocarbons. For p - zeolite, the 

C 3 and C4  selectivities were higher in comparison with those over ZSM -  5 as well as the 

C 3 selectivity of p -  zeolite was higher than those over USHY and Y faujasites. The total
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aromatic selectivity was higher than for n -  octane and isooctane since more olefins were 

generated as primary products, which were subsequently involved in aromatisation. With 1 

-  octene as feed, it was found that the selectivity for C9 aromatics was higher over all 

zeolites than those for the other feed molecules. Finally, Li and Brown (1999), studied the 

properties of coke deposited by 1 -  octene on fresh cracking catalysts at temperatures 

ranging between 200 -  600 °C. Two types of coke were identified, saturated and 

polyaromatic, with the quantity of the first one decreasing and the latter one increasing as 

the reaction temperature increased.
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CHAPTER 3. EXPERIMENTAL WORK

3.1 EQUIPMENT

The equipment used consisted of a fixed - bed tubular reactor, heated by a temperature 

controlled furnace, a glass saturator that contained the reactant and was situated inside a 

temperature controlled water bath, a mass flow controller for the inert gas used namely 

nitrogen, and a ten - way sampling valve. The ten -way valve was connected, after the 

completion of the experiment, into a gas chromatograph (GC) equipped with a flame 

ionization detector (FID). It enabled the chromatographic analysis of numerous reaction 

samples taken in short time -  on -  stream intervals.

3.1.1 Reactor

The fixed -  bed reactor, which is shown in fig. 3.1, was a stainless steel tubular reactor, 

with a total height of 25.5 cm, and an inner diameter of 15 mm. The catalyst bed length 

averaged 1 cm, and three metal sieves support it, giving a 4 mm thickness. A thermocouple 

was inserted in a small metal protection tube, 4mm in diameter, and placed in the centre of 

the reactor. This made it possible to measure the temperature along the reactor. During the 

first experimental runs, it was observed that there was a temperature difference between the 

top and bottom halves of the reactor. To avoid this temperature profile to be developed in 

the catalytic bed, steel wool was placed just above and below the catalyst bed thereby 

ensuring isothermal conditions (the maximum temperature difference observed was below
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± 1 K). Blank experiments with steel wool in the absence of catalyst showed no catalytic 

activity at all.

NLET

FU R N A C E

S T E E L  W O O L

S T E E L  W O O L

T H E R M O C O U P L E

O U TL ET

R E A C T O R

CATALYST

S IE V E S

Fig. 3.1 : The fixed - bed reactor placed inside the furnace (not to scale).
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The residence time of the reactor was calculated using the following equation.

T =
(bed empty volume)

where:

(volumetric flow at reaction temperature)

bed empty volume = (bed porosity) x (bed cross - section area) x (bed lenght)

Bed porosity is the void fraction of the catalyst bed and taken equal to a typical value of

0.5. Hence with the other parameters’ values mentioned, the empty volume of the bed is 

calculated to be 0.475 ml. As volumetric flow, the flow of N] is taken, that was varied 

between 25 ml^ / min, 100 ml^ / min and 190 mix / min. Table 3.1 shows the values of 

residence time at all experimental conditions.

Table 3.1: Residence times at all experimental conditions.

Flow rate of N2 

(ml/min)

25 ml/min 100 ml/min 190 ml/min Reactant
Composition

Residence 
Times (min)

Temp (K)

523 K - 0.0044 0.0023 0.05
523 K 0.0168 0.0042 0 . 0 0 2 2 0.1
523 K 0.0149 0.0037 0.0019 0.2
573 K - 0.0040 0 . 0 0 2 1 0.05
573 K 0.0153 0.0038 0 . 0 0 2 0 0.1
573 K 0.0136 0.0034 0.0017 0.2
623 K - 0.0037 0.0019 0.05
623 K 0.0141 0.0035 0.0018 0.1
623 K 0.0125 0.0031 0.0016 0.2
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3.1.2 Saturator

The saturator consisted of a sealed glass tube, containing the reactant along with numerous 

small glass spheres, to enhance temperature uniformity, as well heat and mass transfer. It 

was immersed inside a temperature controlled water bath, which achieved temperatures up 

to 353 K. The reactant vapour formed by the heat produced by the bath was taken along by 

nitrogen and passed into the reactor. During the first experimental runs, condensation of the 

reactant was observed in the tube connecting the saturator with a four -  way valve. 

Therefore, to avoid condensation, a warm air blower was used to keep the tube warm. The 

whole set-up was covered by aluminum foil.

The water bath temperature was set -  up to achieve the desired vapour pressure of each 

reactant. The vapour pressure produced is a function of the adjusted water temperature 

assuming atmospheric pressure in the system. The correlations were taken from Reid et al., 

(1987), and are the following:

\ r \ ( ^ )  = ( 1 - x )   ̂ y.(C^ x x  + Cg x x ^ ' ^  +C^ x x ^  x x ^  J (1)

 ̂c

and:

\ r v ( P ^ ) +   ̂ (2)

where: Pv, vapour pressure (bar)
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Pc, critical pressure (bar)

Tc, critical temperature (K)

T, saturation temperature (K)

C a , C b , C c , C d , vapour pressure constants

The first equation was used for the calculation of n-octane and isooctane vapour pressures, 

while the second one for the corresponding 1-octene values. The actual temperatures used 

in the water bath for all combinations of reactants and compositions used are presented in 

Table 3.2.

Table 3.2: Water bath / saturator temperature calculations for the three reactants used.
Reactant Composition

(% )

Vapour Pressure 

(bar)

Water Bath 
Temperature 

(K)
N-octane 1 0 % 0 . 1 0 332
N-octane 20% 0 . 2 0 349
Isooctane 5% 0.05 291
Isooctane 1 0 % 0 . 1 0 307
Isooctane 20% 0 . 2 0 323
1-octene 1 0 % 0 . 1 0 328
1-octene 20% 0 . 2 0 345

3.1.3 Ten -  way sampling valve

The ten -  way sampling valve was placed in a rectangular temperature controlled box, 

having ten sample loops. The valve was heated during the experiment and GC -  analysis at 

a temperature of 180 ° C. The valve has an entry, which was connected to the exit of the 

reactor, and an exit, which during the experiment was connected to the waste stream. At
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specific times during the experiment, samples were taken and kept in the sample loops 

without any condensation. After the completion of the experiment, the entry was connected 

to the GC carrier gas line (in this case, helium). Then, a long needle was connected to the 

exit of the valve and inserted into the injector of GC, enabling injection and analysis of the 

samples.

3.1.4 Gas chromatograph

Gas chromatography (GC) was used on this project for quantitative sample analysis. From 

the GC chromatogramme the percentage of each of the reactants present may be 

determined. Mass spectrometry (MS) was used for qualitative analysis. Coupling GC-MS 

analysis resulted in the identification of compounds present in the sample. However, as it 

became obvious from the analysis, this method did not always produce the actual 

compound identification, rather than a guide to the compounds’ nature, i.e. number of 

carbon atoms and bond saturation between them. Therefore, identification of the different 

compounds present in the samples was essential. This was accomplished by analysing sets 

of known chemical compound standards and then comparing the resident times of the 

standards with the experimental ones.

In gas chromatography the sample to be analysed was volatilised and swept by a stream of 

carrier gas - usually He - through the heated column containing an absorbent support 

impregnated with an involatile liquid that acted as a stationary phase. To ensure that all 

products were in the gas phase, the sampling valve was maintained at 453 K throughout the

83



Chapter 3: Experimental work

experimental procedure; that is a temperature at which all non-coke hydrocarbon products 

are in the gaseous phase. The capillary column used was 100 m long, and that relatively 

high length was chosen in order to achieve a good separation, so that the large numbers of 

peaks identified are clearly separated.

The components of the mixture partition between the stationary phase and the carrier gas 

were due to a combination of volatility and the degree with which they may interact with 

the stationary phase. The separated components were then eluted from the column and 

passed over a detector, in this case a Flame Ionisation Detector (FID). As the name 

suggests, the gas issuing from the column was burnt -in this analysis at 553 K - and the ions 

in the flame were detected and translated into an electric current. The detector was fueled 

with H2 and air. The lapsed time between injection onto the column and the exit of each 

component is the retention time. The latter is diagnostically very useful for a given column 

and a set of conditions, as once the compounds have been identified, retention times are 

used as a means of labeling the peaks on each analysis. The column used was a capillary 

100m non -  polar PONA column, with 0.25 mm internal diameter and 0.5 pm film 

thickness.

Separation over the used non-polar column occurs due to the difference in boiling points of 

the individual components. Hence a temperature program is required to ensure good 

separation. A carefully selected programme results in a clear, and easy-to-follow peak 

identification. After a lot of consideration, two programmes were selected; the first used on 

n-octane and isooctane cracking, and the second for 1-octene reactions.

84



Chapter 3: Experimental work

1. Starting from 308 K for 15 minutes and at a rate of 10 K / min up to 463 K

2. Starting from 308 K for 15 minutes and at a rate of 10 K / min up to 388 K, then at the 

rate of 5 K / min up to 463 K

The first is a typical temperature programme for hydrocarbon separation, up to nine carbon 

atoms or light aromatics, in our case. The second one reduces the rate at around the time, 

when Cg compounds start appearing. That was selected, due to the fact that 1 - octene 

reactions - olefins in general - produce a large of isomers, and a clear separation, 

consequently identification, was required.

The mobile phase or carrier-gas was He and was supplied from a cylinder via a pressure- 

reducing head at a pressure of 300 kPa, giving a linear velocity of 2 ml / min. Injections 

could be either split or split less. A split less injection means that all of the sample-injected 

travels through the column. Split injection involves an inlet stream splitter incorporating a 

needle valve that enables most of the injected sample to be vented to the atmosphere whilst 

allowing only a small fraction to pass into the column. Resolution is usually better in split 

mode and this is the reason for using it in this work.

3.2 EQUIPMENT PROCEDURES

The equipment set-up is presented in the following figure (fig. 3.2). The notations Si, S%, 

S 3 ,  etc. represent the individual streams. At the beginning of the experiment, the mass flow 

controller (MFC) at Si, at a predetermined value controlled the flow rate of the inert gas 

(N2). Because the experiments were at small times on stream, the arrangement of the
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equipment was been made in such a way that ensured that the feed components had the 

same steady - state composition at the experiment start. Therefore, until the reactor was 

heated to the required temperature, nitrogen was led to the reactor via S3 and 8 7 . When the 

reactor temperature was stable, the two-way valve was turned to 8 4 , which allowed the 

carrier gas to pass through the saturator. The nitrogen gas was then flowing through the 

liquid hydrocarbons for 15 minutes in order to equilibrate the gas phase. The outlet of the 

temperature bath, 8 5 , during the steady state passed through 8 5  to the fume cupboard. When 

steady state was achieved the four -  way valve is turned to the 8 7  position and the 

experiment begun. The experiments lasted for 20 minutes, which was considered enough 

time for the catalyst to have been deactivated. 8 amples were collected by the valve at pre

specified times (l,2,3,5,7,9,12,15,and 20 min), though focusing on the first minutes, when, 

naturally, the reaction was showing the highest yields.

The amount of catalyst used in each experiment is 0.65 gr., which was taken in order the 

bed length to be 1 cm. The thermocouple was put inside the reactor and placed exactly at 

the catalyst bed level, to ensure that the reading was the actual reaction temperature.

Upon completion of the experiment, valves were switched to their initial positions, so that 

nitrogen was flown directly through the reactor. It was left as so, for around one hour, to 

ensure that any residual vapours throughout the system were discharged. Once the reactor 

cooled down -preferably not less than 100 °C - it was disconnected from the system and 

opened, to allow for the catalyst to be removed. The zeolite was then placed into a TGA 

(ThermoGravimetric Analysis) equipment i.e. a microbalance. The temperature of the TGA
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was raised to 1123 K at a rate of 10 K / min under flowing air. The amount of coke present 

in the zeolite was deduced by the difference of initial and final weights of the catalyst.

S 3

8 1 8 2 T W O  WA Y  
VAL VE

T E M P E R A T U R E
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N . 8 4

C A T A L Y S T

Fig. 3.2: Set up of the equipment.
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3.3 CATALYST PREPARATION

Zeolite-Y in its ultra-stable form, zeolite-USHY was used in the experiments, kindly 

provided by GRACE GmbH, Worms, Germany. The zeolite was obtained in a powder 

form, with average particle size of 1pm, an original Si/Al ratio of 2.5 and a framework 

Si/Al ratio of 5.7. USHY had a micropore area of 532.4 m^/g, and a micropore volume of 

0.26 cm^/g. The measured BET surface area was 590 ± 23.5 m^/g.

An amount of about 1.5 g. were taken and pressed for around 5 minutes at a weight of 3 

tons, so as to produce catalyst pellets. The catalyst pellets were crushed and then sieved, 

producing particles of size in the range of 1.0 -1.7 mm.

Before each experiment, USHY, as this catalyst was active for the temperature range 

selected (523-623 K), the particles were placed in the oven at 473 K and left for 2 hours, to 

remove humidity and ensure the desirable performance.

3.4 CALCULATIONS

3.4.1 Components mole fraction calculation

The initial calculations from the GC reports produce the GC peak area fractions of the main 

components of the reaction that are equal to the mass fractions. The calculation sequence is 

as follows:
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From the GC outputs the percentage area values - which corresponded to mass fractions 

(Dietz (1967)) - of all components were divided by their corresponding molecular weights, 

to produce the number of moles of the components in the sample. The produced mole 

values were summed up and normalised over the new total, thus the required mole fractions 

were produced. The above steps were repeated for each of the results, produced for every 

experiment, and the mole fraction values of the main components were plotted against the 

time-on-stream. Since the GC evaluation method was not an absolute one, no carbon 

balance could be carried out. The relative evaluation method chosen was found to be more 

reliable and reproducible, as it is shown later on in this chapter.

The products were different along the different reactants. However, for means of 

comparing, some main compounds needed to be identified and plotted. One basis of 

selection was chosen, and it was that of the reactant. Some main products were the same for 

all three reactants used, n-octane (n-Cg), isooctane (i-Cg) and 1-octene (1-Cg~); hence 

graphs for propane (C3), isobutane (i-C4 ), isopentane (i-Cg), as well as the corresponding 

reactant used, were produced for all experiments. For the case of n-octane and 1-octene, n- 

butane (n-C4 ) was also plotted; it was excluded, however, from the isooctane reactions, as 

its mole fraction did not exceed that of 2 % (maximum value at 623 K). Instead of n-butane 

graphs, isobutene (i-C4~) was plotted, as isooctane reactions were the only to produce the 

latter in excess of 1.5 % mole fraction. For 1-octene, cracking results in a large number of 

isomers being produced. However, it is not possible to identify all Cg isomers, whose 

number reaches that of 15 at times, exiting within a window of 3.5 minutes of retention 

time from the GC column. Hence, it was decided to lump the isomers and calculate their 

total mole fraction using the molecular weight of Cg olefins.

89



Chapter 3: Experimental work

3.4.2 Calculation of conversion

There is currently a confusion in the literature with respect to calculating the conversion of 

cracking reaction systems, as there seems to be no one method applicable, or even 

acceptable, by all. Some methods that have been proposed can only be applied on certain 

reaction systems. Other methods have been difficult to reproduce or adjust to the particular 

study, and in general all calculation sequences involve assumptions, that could lead to large 

deviations from the actual results.

A simple method was tried, that was based on the mole fractions of the reactant. However, 

it is the nature of cracking, where a significant part of the reactant yielded to coke, which 

could not be accounted for, as it was not a gaseous product and was not analysed at the GC. 

Experiments performed at the very first few minutes of the reaction indicated that most of 

the coke content was produced at these very first few minutes. Therefore, since most of the 

coke was produced at the beginning of each experiment, the conversion was calculated by:

O O O  0 0 0  0 0

= (N a o -N a ) /N a o  =(mAo-mA)/mAo ^ l - n u / n u o  = 1 - A ^ / A ^ x  

where Xa is the conversion of reactant A, Nao is the molar flow of reactant A at the inlet of

o o
the reactor, N a is the molar flow of reactant A at the exit of the reactor, mAo is the mass 

flow of reactant A at the inlet of the reactor, which is equal to the total mass flow mrox i.e.,

the sum of all the components mass flows at the outlet, mA is the mass flows of reactant A 

at the exit of the reactor, A a is the GC area fractions of reactant A and Atot is the total GC
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area fractions. The mass fractions are equal to the GC area fractions. However, it must be 

said that this estimation is valid after the 3"̂  ̂minute of the reaction, where coke production 

was minimised, as only then the assumption was valid, that the total mass flow was equal to 

the reactant inlet mass flow.

3.4.3 Coke estimation

The calculation of the coke deposits, as it was mentioned earlier, was done after each 

experiment at the TGA. The procedure followed has been described in the experimental 

section. The formula used to estimate the coke weight percentage in the catalyst was:

V coke -  before coke burning) - (mass after coke burning)
(mass after coke burning)

3.5 OVERVIEW OF EXPERIMENTAL PROGRAMME

Three different reactants have been investigated, namely n -  octane, isooctane and 1 -  

octene over USHY as catalyst. All sets of experiments have been performed at the 

temperatures of 523 K, 573 K and 623 K. In addition to that, two different reactant 

compositions (or partial pressures) were used for all reactants. The first one is 20 %, i.e. 20 

% of the total flow and the second one 10 %. Two additional experiments were performed 

using isooctane as reactant with a reactant composition of 5 %. For isooctane and 1 -  

octene, experiments have been performed using a higher N 2 flow, i.e. 100 mlN / min and 

190 itiIn / min. The different systems examined by this study were:
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n-octane with zeolite USHY at 20% and 25 mlN / min 

n-octane with zeolite USHY at 10% and 25 ml^ / min

isooctane with zeolite USHY at 20% and 25 mlN / min 

isooctane with zeolite USHY at 20% and 100 hiIn /min 

isooctane with zeolite USHY at 20% and 190 mlN / min 

isooctane with zeolite USHY at 10% and 25 mlN / min 

isooctane with zeolite USHY at 10% and 100 ml/min 

isooctane with zeolite USHY at 10% and 190 ml/min 

isooctane with zeolite USHY at 5% and 100 ml/min 

isooctane with zeolite USHY at 5% and 190 ml/min

1-octene with zeolite USHY at 20% and 25 ml^ / min 

1-octene with zeolite USHY at 10% and 25 hiIn / min 

1-octene with zeolite USHY at 10% and 100 mlN / min 

1-octene with zeolite USHY at 10% and 190 hiIn / min

3.6 REPRODUCIBILITY OF RESULTS

Before the experimental programme was carried out, the experimental reproducibility was 

tested. As it can be seen from figure 3.3, where the mole fractions of the main product 

isobutane are plotted, the absolute error of the GC analysis was in the range of ± 2%. The
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reproducibility o f the coke content measurement was also very good. The absolute error 

was in the range o f ± 1 %.
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Fig. 3.3: Isobutane mole fraction during isooctane cracking over USHY at various 
temperatures, 20% reactant partial pressure and 25 mU / min N] flow rate. Reproducibility 
test.
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CHAPTER 4. EXPERIM ENTAL RESULTS & 
DISCUSSION

4.1 N-O CTANE REACTIO NS

4.1.1 Experimental runs at high reactant composition and high 
residence time

The first set o f experiments involved reactions using n-octane as the reactant, with a N] 

flow rate o f 25mlN / min and 2 0  % reactant composition, i.e. 2 0  % reactant partial pressure. 

The following plots (fig.4.1.1 to fig.4.1.5) show the mole fractions o f the main products of 

the reaction with time -  on - stream, in order o f significance, isobutane, propane, 

isopentane, n-butane and that of the reactant n-octane. Other molecules, such as ethane, 

ethene, propene, and butenes were produced, but in such small amounts (below 2 %) that 

they were not considered as main products.
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Fig. 4.1.1: Isobutane mole fraction during n-octane cracking over USHY at various
temperatures and 20 % reactant composition.
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One can easily observe from the product graphs that there was a rapid increase in the 

product yield, with peak points reached at around 2 to 4 minutes of time-on-stream. The 

initial rapid increase was indicative of a transition period towards steady state. Then, the 

product yield decreased gradually indicating a deactivation mechanism, which in this case 

could be attributed to catalyst coking, i.e. coke formation on the catalyst surface.

It is obvious that at the highest temperature of 623 K, the reaction took place with the 

highest rate as expected. Firstly, the higher the reaction temperature, the larger the peak 

values reached. The n-octane plot (fig. 4.1.5) can easily confirm that the lower the 

temperature the less n-octane reacted at the end of 20 min time -  on - stream. The unreacted 

n -  octane at the lowest temperature of 523 K reached a value of more than 0.8, whereas at 

the highest temperature i.e. of 623 K, it had a value of 0.4. At the mid -  temperature of 573 

K, it had a value approaching 0.6. Secondly, the expected pattern of higher temperatures 

leading to higher yields was followed. That could be well confirmed by the product plot 

curves. For example, from the propane results (fig. 4.1.2), at 20 min of TOS, the propane 

produced at 623 K had a yield of around 0.14, at 573 K had a yield of 0.1, and finally at 

523 K a yield of 0.04.

4.1.2 Experimental runs at medium reactant composition and high 
residence time

The second set of experiments were again with a N] flow rate of 25mlN / min but with a 

lower reactant composition, 10 %. As before, the following graphs (fig. 4.1.6 to fig. 4.1.10) 

are in order of significance.
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Fig. 4.1.10: Reactant n-octane mole fraction during cracking over USHY at various 
temperatures and 1 0  % reactant composition.

The trend o f higher temperatures leading to higher final yields was observed in 10 % 

reactant composition, as in the case o f 20 % reactant composition. From n -  octane graph 

(fig. 4.1.10), the higher the temperature, the higher was the conversion o f the reactant into 

products.

However, the above trend was not observed at the beginning o f TOS, in particular for the 

20% reactant composition case. Looking into the product graphs (fig.4.1.1, fig.4.1.3 and 

fig. 4.1.4), with the exception o f propane, the initial product yields were higher when the 

temperature was 523 K rather than 623 K. This apparent behaviour was artificial and could 

easily be explained by the fact that at higher temperatures, the transition period was shorter. 

This meant that the catalytic system moved faster towards steady state at 623 K than at 523 

K, between the first and second minute o f the reaction. As a consequence the GC product
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analysis for the two higher temperatures represented the product yields not at their higher 

values, but decreasing with TOS. This resulted to the product graphs to show higher yields 

at the lower temperatures. The 10% reactant composition results (fig. 4.1.6 to fig. 4.1.10) 

confirmed the above theory, as they showed the transition period clearly. The reason why 

the transition period was clearly seen at the low reactant composition of 10% rather than at 

20%, was that at the higher reactant composition the adsorption and saturation of the 

catalyst was faster, leading in a faster transition state. We believe that the real isobutane 

curves with time (fig.4.1.1), taking into account the transition period would look like re

plotted as fig. 4.1.11.
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Fig. 4.1.11: Isobutane mole fraction during n-octane cracking over USHY at various 
temperatures and 20 % reactant composition (re-plotted to take into account the transition 
state).
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N-octane, as a straight paraffin itself, is not very reactive compared to olefins for example. 

This would explain why the reaction started taking place after the first minute in both cases.

The suggestion that n -  octane is less reactive than other molecules is easy to confirm 

practically, as in all experiments performed with low temperature of n-octane, the catalyst 

did not have the usual brown colour (Appendix A) after the reaction, that is of a fully 

reacted catalyst, but most catalyst pellets were partly white in colour.

Another point to be made was the difference between the two-reactant compositions used. 

As expected, the higher reactant composition, especially since all the other experimental 

conditions remained the same, resulted in higher conversion and consequently higher yields 

of the individual products. This difference was more pronounced for propane rather than 

other major products like isobutane.

Regarding selectivities to major products no particular differences between the two 

compositions were observed. The same main products with similar timely pattern were 

observed for both compositions. Another point was, that as expected, the higher reactant 

composition achieved higher conversion at 20 min TOS.

For the case of the lower temperature of 523 K and reactant composition of 20 % (fig.4.1.1 

to fig.4.1.4), product mole fractions were almost halved from their peak values by the 5̂  ̂

minute of the reaction. One would expect the least reaction-taking place be in the case of 

523 K and 10 % reactant composition (fig.4.1.10). If one compared the two graphs, the
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yield of n -  octane into products at the beginning of the reaction for the 20 % case was 

about 0.85, whereas for the 10 % case the initial mole fraction was around 0.75, which was 

in agreement with the trend that the higher the reactant composition and larger conversion 

there would be into products. At the end of TOS the conversion of reactant into products 

was larger for the lower reactant composition than the larger one. However, this was 

indicative of catalyst deactivation through coking, since the higher the reactant composition 

(and temperature), the higher would be the catalyst deactivation with TOS. The effect of 

coke will be discussed in another chapter later on.

As demonstrated by Smimiotis and Ruchenstein (1994), the cracking of n-octane could take 

place via two different pathways. The first pathway is stimulated by the Broensted acidity 

of the USHY catalyst and proceeds via carbonium ions. The protolytic cracking of the latter 

ions resulted in a paraffin and a smaller carbénium ion, which subsequently was cracked 

via (3 -  scission to an olefin, and an even lighter carbénium ion. In the second pathway, 

which was stimulated by the Lewis acidity of the zeolite, n-octane was transformed to a 

carbénium ion which via (3 -  scission generated an olefin and a smaller carbénium ion. A 

third pathway proposed by Sie (1992, 1993a, 1993b) involved as intermediate a 

nonclassical carbonium ion. This mechanism implied the existence of a cyclopropane 

structure in the carbonium ion. Hydride shifts of the latter intermediate followed by scission 

resulted in a tertiary carbénium ion and an olefin. The former ion was then transformed via 

hydride transfer in an iso-paraffin.
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It is possible that all three mechanisms occur in the cracking of n-octane over USHY as 

catalyst simultaneously (Smimiotis and Ruckenstein (1994)). The mechanisms via p -  

scission occurred to a high extent in the small pore zeolites, explaining the occurrence of 

non-branched paraffins. This mechanism involving the bulkier nonclassical carbonium ion 

was favoured by the zeolites with large pores as USHY, resulting in the formation of 

branched paraffins. Consequently, the ratio between branched and linear molecules 

indicates the participation of the mechanisms to the cracking reactions. Therefore, since the 

main products in our reaction scheme were isobutane and propane and at a lesser extent 

isopentane and butane, it was concluded that the cracking of n-octane occurred via all 

mechanisms in some degree.

For example, for 20 % reactant composition and 623 K at the 10*’’ minute of TOS, the 

overall ratio between branched and linear molecules was near 2. Therefore, it was 

concluded that two n-octane molecules cracked through the nonclassical carbonium ion, in 

contrast to one n-octane molecule cracked by p -  scission.

Another important point was the olefin selectivities. Olefins are produced, during the 

cracking of linear paraffins, over the acidic sites via the p -  scission of carbénium ions 

(Corma et. al., (1985a)). In the cracking of n-octane over USHY, the olefins produced were 

less than 2% of the product yields. This could easily be explained by the fact that the 

olefins generated were transformed via secondary bimolecular reactions (hydrogenation), 

into highly unstable intermediates, which subsequently crack to the lower C 3  and C 4  

paraffins. These secondary reactions were the reason for the formation of propane and
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butane in amounts that far surpass their equivalents in the reactions with isooctane and 1 - 

octene. These secondary reactions, also, explained the low amounts o f coke present after 

the completion o f the experiments, since the olefins did not undergo aromatisation, which is 

one o f the main reasons for coke formation (Guisnet and M agnoux (1992a, 1992b)).

The n-octane conversions for both experiments are presented in the figure below 

(fig.4.1.12). As it can be seen, the least conversion achieved at the end o f TOS was at the 

lower reactant composition o f 10% and 523 K. The highest conversion achieved was for the 

higher reactant composition and temperature. The basic trend was that at the higher 

composition there were higher final conversions achieved. Another point was the same 

apparent initial values for all experiments, but that was due to the difference o f the time 

span o f the transition period.
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Fig. 4.1.12. N-octane conversions during cracking over USHY, at different temperatures
and reactant compositions.
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4.2 ISO O C T A N E R EA C TIO N S

4.2.1 Experimental runs at high reactant composition and high 
residence time

The second set of experiments was that of reactions with isooctane as reactant; or using 

lUPAC terminology 2,2,4 trimethyl-pentane. Isooctane was chosen to examine the second 

type of compounds used in catalytic cracking, that of branched paraffins; the other being 

straight paraffins and olefins. Unlike n-octane and 1 - octene reactions, isooctane reactions 

showed a low selectivity towards normal butane (max. of 1 % mole fraction), hence it is not 

presented as a plot. Instead of n-butane, though, isobutene was produced in small 

quantities, nevertheless larger than the two other reactants, and is included in the products’ 

graphs (fig.4.2.4). In addition to that, isobutane, isopentane, and propane are plotted 

(fig.4.2.1 to fig.4.2.3), which were the main products of the reaction in order of significance 

(mole fraction). The other products were ethane, cis and trans butene and n-hexane. 

However, their maximum yields were less than 1 %, and are not considered as major 

products. As in the previous chapter, the mole fraction of the reactant isooctane is plotted in 

fig.4.2.5.

Following below are the graphs representing reactions of isooctane having a 20% reactant 

composition and a 25 ml^ / min N2 flow rate.
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Fig.4.2.1: Isobutane mole fraction during isooctane cracking over USHY at various
temperatures, 20% reactant partial pressure and 25 ml^ / min N] flow rate.
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Fig. 4.2.2: Isopentane mole fraction during isooctane cracking over USHY at various
temperatures, 20% reactant composition and 25 ml^ / min N] flow rate.
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Fig. 4.2.5: Isooctane mole fraction during cracking over USHY at various temperatures, 
20% reactant composition and 25 miw / min N] flow rate.

The first and most important observation made, comparing isooctane graphs with those for 

n-octane, was the amount of isobutane produced (fig.4.2.1) as a result of isooctane 

cracking. Isooctane reactions showed the highest yield, peaking at 85% -at 623 K- and 

remained throughout the reaction at an amount exceeding that of 50%, for all three reaction 

temperatures, making isobutane clearly the predominant product. That is well expected by 

theory, however, as the cracking of 2,2,4 trimethyl-pentane, proceeds via the protonation of 

the feed hydrocarbon at the quaternary carbon atom over the Broensted acid sites. The 

subsequent cleavage of the generated ion leads to isobutane and an isobutane carbénium ion 

(Smimiotis and Ruckenstein (1994)).

There was a slow decrease in conversion, at the 523 K and 573 K reaction temperatures, 

and far slower at the highest temperature of 623 K from a value of 100% to about 90% in
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20 min., as this can be easily deducted from the reactant graph (fig.4.2.5).

The selectivities for C 3 and C 5 paraffins were much lower than those for isobutane. This, 

again, indicated that the dominant reaction was the cracking at the quaternary carbon atom 

rather than the cracking at the tertiary and secondary carbon atoms, and therefore, the 

reason for the much higher isobutane selectivities.

As it was mentioned in the beginning of the chapter, isobutene (fig.4.2.4) was produced in, 

not high, yet considerable amounts. What was of greater importance, however, was the fact 

that the yield increased with TOS after the first few minutes of the reaction although the 

catalyst deactivation was in progress. The explanation behind this selectivity shift could lie 

on preferable deactivation of strong acid sites. Strong acid sites are responsible for strong 

adsorption of alkenes and catalysing their further reaction to secondary products. When 

strong acid sites are not active any more, secondary reactions converting primary olefin 

products take place in lower degree. More alkenes are desorbed into the gas phase, 

increasing their apparent yield. This was observed in all reaction runs. The yields of 

isobutene increased with time, whereas at the same time the yields of isobutane and other 

main paraffinic products decreased. Similar increases in isobutene yields with TOS were 

reported by Finelli et ah, (1998) and Brasco and Comelli (2001). Their explanation was that 

isobutene yields increased after carbonaceous deposits were formed on the active sites of 

the catalyst, deactivating them.
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The transition period was faster and more clearly seen with isooctane as reactant rather than 

n-octane. This is due to the higher reactivity of isooctane as branched paraffin than n- 

octane. From isobutane or isopentane mole fraction graph (fig.4.2.1 and fig.4.2.2), the 

transition state is clearly seen at the very first minute of the reaction, whereas for n-octane 

is not obvious until the second minute of the reaction. Increasing the reaction temperatures, 

the system progressed faster towards steady state, as expected, enabling the GC analysis to 

represent the increasing product yields at the first minute of the reaction in contrast with n- 

octane where the GC analysis product yields were decreasing with TOS.

4.2.2 Experimental runs at high reactant composition and medium 
residence time

The next set of graphs (fig.4.2.6 to fig.4.2.10) represent the cracking of isooctane over 

USHY at the same reactant partial pressure of 0.20 bar, but at a shorter contact time i.e. 

when the flow of the inert gas through the reactor was 100 uiIn / min. The graphs below 

follow the same pattern as above.

The most obvious difference between the short contact time experiments (100 mlN / min) 

compared with those of the high contact time (25 hiIn / min), was the lower yields of 

products at the end of TOS and the higher amounts of the reactant exiting the reactor at the 

end. Comparing the two isobutane graphs (fig 4.2.1 and fig.4.2.6), the difference in the 

final conversions was obvious. For the 523 K case, the unreacted isooctane for the short 

contact times, at the end approached a yield of 90%, whereas for the high contact times was 

only 45%. The same trend was observed for the other two reaction temperatures.
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Fig. 4.2.6: Isobutane mole fraction during isooctane cracking over USHY at various 
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Fig. 4.2.7: Isopentane mole fraction during isooctane cracking over USHY at various
temperatures, 20% reactant composition and 100 ml^ / min N2 flow rate.
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Fig.4.2.10: Isooctane mole fraction during cracking over USHY at various temperatures, 
20% reactant composition and 100 mU / min N] flow rate.

The above trend, however, was not observed in the yields of isobutene, which showed the 

same increasing trend with TOS again. Especially for the highest reaction temperature of 

623 K, the final yield of isobutene for the lower contact times (fig.4.2.4) was almost tripled 

compared with the yield of the high contact times (fig.4.2.9). A possible explanation could 

be that the olefin removal rate from the catalyst to the gas phase increases with the flow 

rate. Applying the Mears’ criterion for external mass transfer (Fogler (1992)), with 

experimental values of average reaction rates, indicates clearly that the reaction is limited 

by external mass transfer (see Appendix B). Therefore, increase of the reaction mixture 

flow rate causes a faster removal of products from the catalyst and higher overall 

desorption rate. As higher flow enhances the desorption and further removal into the gas 

phase of alkenes from the zeolitic acid sites, their residence time in the zeolite mass is
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reduced as well as the degree they undergo secondary reactions. The increase of the 

isobutene yield with the volumetric flow, further supports the argument of the selective 

deactivation of strong acidic sites, causing an increase of the isobutene yield with TOS.

4.2.3 Experimental runs at high reactant composition and low 
residence time

Finally, the last set of experiments using the highest reactant partial pressure of 0.20 bar 

involved a further decrease in reactant -  catalyst contact times, i.e. at 190 ml^ / min N 2 

flow rate. The trend of lowering the reactant contact times in the reactor leading to lower 

reaction rates was again observed. A difference was that the yields of propane were very 

small, and therefore, are not presented. Another difference was that the yields of isobutene 

were larger than those of isopentane, confirming the trend observed above and 

strengthening the argument put forward to explain this increase, namely the stronger alkene 

removal at higher flows.
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Fig.4.2.11: Isobutane mole fraction during isooctane cracking over USHY at various 
temperatures, 2 0 % reactant composition and 190 mU / min N 2 flow rate.
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Fig.4.2.13: Isopentane mole fraction during isooctane cracking over USHY at various 
temperatures, 20% reactant composition and 190 mU / min N] flow rate.
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The most surprising difference when comparing the three sets of experiments was that for 

the shortest contact time (fig.4.2.14), the maximum initial conversion of the reactant into 

products was 70 % (in the case of the highest reaction temperature of 623 K), whereas for 

the other two contact times (fig.4.2.5 and fig.4.2.10) was 100 %.

The differences in isooctane conversion can be seen in fig.4.2.15, where the convesion for 

all three temperatures and all sets of experiments are plotted in one graph. As it can be 

seen, the largest isooctane conversion was achieved in the case of 623 K and N] flow of 25 

mlN / min. In general, the higher the temperature and the contact time, the higher the 

conversion of the reactant. Therefore, the lowest conversion achieved by isooctane into 

products was in the case of 523 K and N% flow of 190 min / min.

As the residence time of the reactant in the catalyst bed increases, larger conversion is 

expected. The residence time of the catalytic system at 25 mlN / min and 623 K (0.0125 

min) was almost four times larger than the residence time at 100 ml^ / min and 623 K 

(0.0031 min). In both cases the conversion (fig.4.2.15), with the very reactive isooctane, 

reached the maximum value of 100% because of the very high and strong acidity.

118



Chapter 4: Isooctane reactions

1.00

(2 0.60

o  0.50

y 0.40

-♦— 523 K, 25 m l/m in  

- # - 5 7 3  K, 25 m l/m in  

■ ^ 6 2 3  K, 25 m l/m in  

-e— 523 K, 100 m l/m in  

- e - 5 7 3  K, 100 m l/m in  

T&— 623 K, 100 m l/m in  

H— 523 K, 190 m l/m in  

—  573 K, 190 m l/m in  

- # - 6 2 3  K, 190 m l/m in

0.00
5 10 15

T im e  - on - s trea m  (m in )

20

Fig.4.2.15: Isooctane conversion during cracking over USHY for different temperatures, at 
20 % reactant composition and different contact times.

The number of active sites for the cracking reaction was very high, in order that in both 

cases, with a residence time difference at a factor of about 4, the maximum conversion 

could be achieved. The rapid catalyst deactivation changed the picture in later TOS. A large 

number of active sites were deactivated in the first couple of minutes. The residence time of 

0.0125 min at 25 mU / min was enough to keep the level of conversion at high values, even 

with the remaining number of active sites, while an almost four times shorter residence 

time of 0.0031 min at 100 ml^ / min could not achieve high conversions, resulting in a fast
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decline of the conversion curves. The 190 mlN / min curve showed a much lower initial 

conversion than 100 min / min and deactivation similar to the one at 100 uiIn / min.

4.2.4 Experimental runs at medium reactant composition and high 
residence time

The next three experiments were performed at a lower reactant partial pressure of 0.10 bar, 

while the reactant contact times were, again, varied. The next set of graphs (fig.4.2.16 to 

fig.4.2.20) represent the cracking of isooctane over USHY at 0.10 bar reactant partial 

pressure and the highest contact time, i.e. 25 uiIn / min N2 flow rate. As usual the major 

products in all three experiments were in order of significance, isobutane, isopentane, 

propane and isobutene.

Comparing the results of this set of experiments with the corresponding experiments at 

higher reactant partial pressure of 0.20 bar, it was observed that the difference in the values 

of the predominant product mole fraction, isobutane, was much lower than expected. They 

were for both cases around 0.7 (fig.4.2.1 and fig.4.2.16), with a relatively slow 

deactivation. The difference for the other major paraffinic products was even less 

pronounced.

1 2 0



Chapter 4: Isooctane reactions

1.00

0.90

CO
ü
2u_
o
o
s

0.60

0.50

0)
C
5

0.40

3noV)

0.00
10 15 200 5

■523 K/ 
10%V.P.

■573K/
10%V.P.

■623 KJ 
10%V.P.

T im e -o n -s tre a m  (m in )

Fig.4.2.16: Isobutane mole fraction during isooctane cracking over USHY at various 
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0.14

0.12
C
o
Ü
2

u_
® 0.08 O
S
C 0.06 
2
c

ov>
0.02

0.00
200 5 10 15

■523K/
10%V.P.

-573 K/ 
10%V.P.

■623 KJ 
10%V.P.

T im e -o n -s tre a m  (m in )

Fig.4.2.17: Isopentane mole fraction during isooctane cracking over USHY at various
temperatures, 10% reactant composition and 25 mU/ min N2 flow rate.
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Fig.4.2.20: Isooctane mole fraction during cracking over USHY at various temperatures, 
10% reactant composition and 25 mU/ min N] flow rate.

Comparing the isooctane conversion between the two partial pressures (fig.4.2.21), it was 

obvious that the least conversion of isooctane into products occurred at the lowest 

temperature of 523 K and 20% reactant composition. At the end of TOS, the conversion 

was around 40 %. In fact, as it can be seen from the figure 4.2.21 following below, the 

initial conversions of isooctane into products, for all three temperatures and partial 

pressures, exceeded 90 %. However, in all three reaction temperatures, the final 

conversions for the lower partial pressure experiments were larger than the higher ones. 

This cross over of the curves with the same temperatures but different partial pressures 

could be explained by the fact that the higher reactant composition would have a larger 

deactivation effect at the end of TOS rather than the lower reactant composition.
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Fig.4.2.21: Isooctane conversion for different temperatures, at 10 and 20 % reactant 
composition and 25 ml^/ min N] flow rate.

4.2.5 Experimental runs at medium reactant composition and medium 
residence time

Similar observations can be made, when comparing the 20 % reactant composition and 100 

mlN / min N] flow rate set of experiments with the 10 % reactant composition and 100 mln / 

min N] flow rate set of experiments, which results are represented below (fig.4.2.22 to 

4.2.26).

One obvious difference between the two reactant vapour pressures with a 100 mlw / min N] 

flow rate was the initial values of the reactant mole fraction for the two lower reaction 

temperatures. For the 10 % case, it can be seen from fig.4.2.26 that at 523 K, it had a value 

of 0.25 at the first minute of the reaction, whereas for the 20 % case (fig.4.2.10), its value
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was almost zero. For N2 flow of 100 mlN / min at the medium feed composition of 10%, the 

conversion could not reach the maximum value of 100%, as observed for the higher 

composition. Only at the highest temperature the initial conversion approached 100%. At 

the other two lower temperatures the conversion was 85% and 75%. In the case of lower 

residence times, the effect of higher feed composition corresponding to higher total 

hydrocarbon concentration, resulting to higher initial conversion is obvious (fig.4.2.27). 

The initial catalytic activity corresponding to 623 K seem to be in the boundary of 

achieving maximum conversion of 100%, even at low feed compositions.
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Fig.4.2.22: Isobutane mole fraction during isooctane cracking over USHY at various 
temperatures, 10% reactant composition and 100 mlw / min N2 flow rate.
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4.2.6 Experimental runs at medium reactant composition and low 
residence time

The graphs presented in this set o f experiments o f 10 % reactant composition and 190 mlw / 

min N] flow rate, are those o f the major product isobutane, isobutene, isopentane and the 

reactant isooctane (fig.4.2.28 to fig.4.2.29). As in the 20 % reactant composition, propane 

yields were very small and are not presented.
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Fig.4.2.28: Isobutane mole fraction during isooctane cracking over USHY at various 
temperatures, 1 0 % reactant composition and 190 mU / min N] flow rate.
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The effect of decreasing the reactant partial pressure could be seen from both isobutane 

graphs for the two partial pressures (fig.4.2.11 and fig.4.2.28), as well as the isooctane 

graphs (fig.4.2.14 and fig.4.2.31). For example, isobutane results for 0.10 bar partial 

pressure at 523 K (fig.4.2.28) had an initial yield of around 0.45, whereas for the 0.20 bar 

partial pressure at the same temperature (fig.4.2.11) had a yield of little more than 0.50. 

Their final yields were more or less the same, approaching zero values. This decrease in 

product yield differences with increasing reactant flow rates is leading to the conclusion 

that the effect of the reactant partial pressures is diminished as the reactant flow rates 

increased.

The above conclusion can be easily verified. The difference in the product yield of 

isobutane for the 25 mln / min case was around 0.15, the difference for 100 mln / min was 

around 0.10, and finally for the highest N] flow rate of 190 mln / min was around 0.05. It 

could also be seen from the isooctane conversion graph (fig.4.2.32). Whereas in the two 

other lower reactant flow rates the conversion lines for the lower temperatures had 

significant differences between them, in the highest flow rate, the conversion of 

isooctane into products exhibited less differences in their values.

Another important point was the difference in isooctane conversions with decreasing 

contact times. Comparing the conversion graphs for all three contact times, it was obvious 

that at the smallest contact time, less isooctane converted into products as expected.
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Fig.4.2.32: Isooctane conversion for different temperatures, at 10 and 20 % reactant 
composition and 190 ml^/ min N] flow rate.

The isobutene yield showed at these conditions an increase with TOS as well. Since the 

mechanism of isooctane cracking directly favoured the formation of isobutane, and since 

isobutane yields decreased with TOS, one would expect that the yields of isobutene would 

decrease with TOS as well. However, isobutene formation showed no deactivation. This 

trend as explained in a previous subchapter (4.2.1) was due to selective deactivation of 

strong acid sites that decreased the extent of secondary olefinic reactions. Since olefins are 

directly responsible for coke formation (Magnoux et. al., (1987), Guisnet and Magnoux, 

(1992a, 1992b), Boucheffa et. al., (1997)), isobutene, as the main olefin produced in the 

cracking of isooctane, was considered responsible for the coke formation. The results of 

coking will be discussed in a following chapter.
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4.2.7 Experimental runs at low reactant composition and medium / 
low residence times

The final two sets of experiments were performed with the two lower contact times, i.e., 

100 mlN / min and 190 ml^ / min Nz flow rates, but with an even smaller reactant partial 

pressure, i.e., 5 % reactant composition. The graphs following below (fig.4.2.33 to 

fig.4.2.38) represent that of the major product, isobutane, isobutene and that of the reactant 

isooctane. The results for the other products are not presented, since they were similar with 

their equivalent experiments with higher reactant partial pressures already presented.

Comparing the two isobutane graphs (fig.4.2.33 and fig.4.2.34), there were two obvious 

differences between the two different reactant contact times. Firstly, the isobutane produced 

was in far greater amounts for the higher reactant contact time as expected. And secondly, 

for the higher contact times, slower deactivation took place with TOS as demonstrated in 

the slopes of the curves. These conclusions could be confirmed from both reactant mole 

fraction graphs (fig.4.2.37 and fig.4.2.38) and conversion (fig.4.2.39).
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Fig.4.2.37: Isooctane mole fraction during isooctane cracking over USHY at various 
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Fig.4.2.38: Isooctane mole fraction during isooctane cracking over USHY at various
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The isobutene yields (fig.4.2.35 and fig.4.2.36) at the lowest reactant composition did not 

show any significant differences from their equivalent yields at the higher reactant 

compositions.

In all cases the effect of reactant partial pressure showed to be independent of the changes 

due to residence time. Decreasing the reactant partial pressures showed more overall final 

conversion of the reactant into products.

In the beginning of each experiment, however, the conversion was higher at higher 

composition values. At high partial pressure, higher reaction rate was observed with more 

conversion into products but with a larger deactivation effect of the catalyst, which would 

explain the crossover in conversion.

The figures following below (fig.4.2.39 and fig.4.2.40) are comparative isooctane 

conversion runs between 0.05 bar partial pressure and different contact times, and between 

the same contact time of 100 ml^ / min and different reactant partial pressures of 0.05 and 

0.10 bar.

Comparing the two conversion graphs, it is obvious that changing the N2 flow rates or the 

reactant composition play a significant role in isooctane conversion. As it is already 

discussed the higher the N% flow rate, or the higher the reactant composition, the lower 

conversions of isooctane into products were exhibited.
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4.2.8 Concluding remarks

In general, isooctane as branched paraffin was more readily cracked over acidic media than 

n-octane. This is easily accepted when comparing the conversions of the two reactants for 

the highest contact time and lower partial pressure. The highest n-octane conversion was 

around 60 % whereas isooctane conversions were between 70 - 80 %. The selectivities of 

isooctane for propane and isopentane were lower than those over n-octane since the 

dominant isooctane cracking reaction favoured the production of isobutane. The very high 

selectivity towards isobutane was also supported by the large USHY pores, where the 

cracking of a branched component like isooctane led directly to branched products.

The selectivity for olefins over both n-octane and isooctane was very low with the 

exception of isobutene from isooctane, which resulted from the same cracking reaction as 

isobutane.

The trend of higher partial pressures leading to lower final conversions was not observed 

for the experiments performed with n-octane. N-octane final conversions for the higher 

partial pressures had larger values than those for the lower partial pressures. An explanation 

of this behavior for n-octane could be that, n-octane as straight paraffin itself is not very 

reactant and the changes in the partial pressures did not greatly affect the catalytic strong 

acid sites, and therefore the conversion into products. This is supported from the similar 

amounts of coke produced for both partial pressures during n-octane experiments.
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4.3 1-OCTENE REACTIONS

4.3.1 Experimental runs at high reactant composition and high 
residence time

With 1-octene as reactant, four sets of experiments were performed. The first set was 

performed using USHY as catalyst with a high reactant composition, i.e. 20% and high 

contact time, i.e. N] flow rate of 25 mlN / min. This set of experiments is represented 

below.

The figures following below (fig.4.3.1 to fig. 4.3.6) show the products of the reaction. 

These are in order of significance, isobutane, isopentane, propane, n-butane, the 1-octene 

isomers and finally, the reactant, 1-octene. There were other products, namely ethane, 

propene, 1-butene, isobutene, cis and trans butene, pentanes and pentenes, hexanes and 

hexenes, a few C? molecules and a few aromatics. However, their yields were less than 0.01 

and therefore they are not represented as products of 1 -  octene cracking.

From fig.4.3.1, one can see that the cracking of 1-octene yielded isobutane as the dominant 

product. The highest yield, for all three temperatures, was at the 3"̂  ̂minute of the reaction, 

and approached 0.6, which was then reduced to 0.2 -  0.3. What was very different 

comparing the cracking of 1-octene with that of n-octane or even isooctane was the very 

high conversion values, which were followed throughout the 20 minutes of TOS allowed, 

with peak values being reached at the 3rd minute for all reactions. However, even at the 

20^ minute, conversion was above 97% for the 623 K reaction.
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Fig.4.3.1: Isobutane mole fraction during 1-octene cracking over USHY at various 
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Comparing 1-octene mole fraction results for instance with the ones for isooctane (fig.4.3.6 

and fig.4.2.5), the values of isooctane were between 0.2 to 0.5 for all three temperatures by 

20 min TOS, while the 1-octene values were less than 0.1, respectively. This fact confirms 

that in catalytic cracking, olefins are protonated much easier than paraffins, as they are 

better bases than the latter, yielding to faster reactions with higher conversions. This is in 

agreement with predictions of theoretical studies (Buchanan et. al., (1996), Kissin (2001)).

From the literature, the cracking of 1-octene takes place via the monomolecular (3-scission 

and/or via the nonclassical carbonium ion, resulting in an olefin and a lighter carbénium 

ion. Hydrogen transfer reactions between the olefins generated result in the saturation of 

olefins to paraffins and the formation of aromatics (Corma et. al., (1990), Buchanan et. al., 

(1996)).

In our reaction runs at generally low residence times, however, low selectivities for 

aromatics were observed, that were considered to be the final products of a series of 

consecutive reactions. Instead of aromatics, 1-octene isomers were observed in large 

quantities. The yields of these 1-octene isomers increased with TOS (fig.4.3.5). 

Furthermore, the lower the reaction temperature, the higher 1-octene isomer yields were 

observed at the end of TOS. This behaviour suggested that the 1-octene isomers should be 

primary products of 1-octene. This meant that paraffins were mainly formed by secondary 

reactions. Nevertheless, some fraction of the products should have been formed directly 

from 1-octene as well.
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It is obvious that the products were not formed exclusively from 1-octene, but from 1- 

octene isomers as well. With entering the catalytic bed, 1-octene underwent rapid 

isomérisation. The produced 1-octene isomers then underwent secondary cracking reactions 

that exhibit higher activation energies than isomérisation. Since further cracking reactions 

of 1-octene isomers were more favoured at higher temperatures than their formation, the 

mole fraction of these intermediates was decreasing with temperature. For example, at the 

end of TOS, the 1-octene isomers for the lower temperature of 523 K, reached a higher 

yield of 0.4 whereas for the highest temperature of 623 K, the final 1-octene isomers yield 

was only 0.2. The fact that 1-octene isomers were intermediate compounds was confirmed 

by experiments at different residence times, as it will be shown later in this chapter, see 

fig.4.3.25.

The above conclusion is supported by the fact that the conversion of 1 -octene into products 

was almost 100% and constant for the overall duration of the reaction. The secondary 

cracked products decreased while the Cg isomers increased with increasing time-on-stream.

The product yields were similar, especially at the beginning of TOS for all three reaction 

temperatures. This could easily be explained again by the 1-octene isomers graph 

(fig.4.3.5). For all three reaction temperatures, the 1-octene isomers yields at the second 

minute of the reaction had similar values, approaching zero. At the same minute, the 

isobutane yields were around 0.6 (fig.4.3.1) and isopentane yields were around 0.25 

(fig.4.3.2). From the graphs for the other two products, namely propane (fig.4.3.3) and n- 

butane (fig.4.3.4), the initial yields had differences between them, but their selectivity was
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much smaller compared with that of isobutane or isopentane, and therefore, their 

differences were more pronounced.

4.3.2 Experimental runs at medium reactant composition and high 
residence time

The same trend of results was observed during the cracking of 1-octene with a N2 flow rate 

of 25 mlw / min but at a lower reactant composition of 10 % (fig.4.3.7 to fig.4.3.12).
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Fig. 4.3.7: Isobutane mole fraction during 1-octene cracking over USHY at various 
temperatures, 10 % reactant composition and 25 mU /min N2 flow rate.
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Fig. 4.3.8: Isopentane mole fraction during 1-octene cracking over USHY at various 
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Fig. 4.3.9: Propane mole fraction during 1-octene cracking over USHY at various
temperatures, 10 % reactant composition and 25 mlN /min N] flow rate.
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Fig. 4.3.10: N-butane mole fraction during 1-octene cracking over USHY at various 
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Fig. 4.3.11: 1-octene isomers mole fraction during 1-octene cracking over USHY at various
temperatures, 10 % reactant composition and 25 mlw /min N] flow rate.
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Fig. 4.3.12: 1 - octene mole fraction during cracking over USHY at various temperatures, 
10 % reactant composition and 25 mln /min N] flow rate.

Comparing the two sets o f experiments with the different reactant composition, one could 

see that there were very little differences between them. One significant difference was that 

the final yields o f Cg isomers for the lower reactant composition (fig. 4.3.11) were smaller 

compared with those o f the higher reactant composition (fig.4.3.5). In particular, the 

difference at lower temperature was greater. At 20 % reactant composition, 1-octene 

isomers at 523 K had a yield o f 0.4, whereas at the 10 % case, they reached a yield o f less 

than 0.3. This is easily explained since the reaction rate increases with temperature and 

reactant feed composition, but with a larger final deactivation effect. As the reaction 

temperature increased, the differences in 1-octene isomer yields decreased. Therefore, it 

could be concluded that the formation o f 1-octene isomers was more dependent on the 

reactant composition than the reaction temperature.
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Isobutane (fig.4.3.7) was, again, the largest product of the reaction, with the largest yield of 

around 0.5 at the 2"  ̂reaction minute. From there, isobutane yield gradually decreased to a 

final value of 0.3 -  0.4, depending on the reaction temperature. The main difference 

between the two sets was that for the higher reactant composition (fig. 4.3.1), the slope of 

the graphs was steeper, i.e. the amount of isobutane produced at the end of TOS was less 

for the higher reactant composition than the lower one. As with isooctane experiments, the 

lower composition showed less deactivation of the catalyst. This was due to the smaller 

initial formation of 1 -octene isomers, leading to a lower deactivation of strong acid sites, 

which subsequently led to a final larger conversion to products.

The same could not be said for the other major products of the reaction, i.e., isopentane, 

propane, and n-butane, where the yields obtained were more or less similar. This led to the 

conclusion that isobutane appeared to be more dependent on the formation of 1-octene 

isomers than the other reaction products. However, the differences in the product yields for 

the two reactant compositions were very small and a coherent conclusion could not be 

given at this time.

4.3.3 Experimental runs at medium reactant composition and medium 
residence time

The next two sets of experiments were performed with different N] flow rates, i.e. different 

contact times. The aim was to study the effect of contact times on product selectivities and 

coke formation. Both sets of experiments were performed using reactant partial pressure of 

0.10 bar.
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The first set o f experiments to be discussed were performed using a N 2 flow rate o f 100 ml^ 

/ min, i.e. a contact time at least four times smaller than the one used in the previous 

experiments o f N 2 flow rate o f 25 mlN / min. The resulting product selectivities were the 

same at higher contact times as at low contact times. The graphs below (fig.4.3.13 to 

fig.4.3.19) show the product yields in order o f  significance: isobutane, isopentane, propane, 

n-butane, 1-octene isomers and the mole fraction o f the reactant, 1-octene.
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Fig.4.3.13: Isobutane mole fraction during 1-octene cracking over USHY, at various 
temperatures, 10 % reactant composition and 100 mU / min N 2 flow rate.
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Fig.4.3.14: Isopentane mole fraction during 1-octene cracking over USHY, at various 
temperatures, 10 % reactant composition and 100 ml^ / min N] flow rate.
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Fig.4.3.15: Propane mole fraction during 1-octene cracking over USHY, at various
temperatures, 10 % reactant composition and 100 mU / min N] flow rate.
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Fig.4.3.16: N-butane mole fraction during 1-octene cracking over USHY, at various 
temperatures, 10 % reactant composition and 100 ml^ / min N 2 flow rate.
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Fig.4.3.18: 1-octene mole fraction during cracking over USHY, at various temperatures, 10 
% reactant composition and 100 ml^ / min flow rate.

Comparing the isobutane graphs as the product with the largest selectivity for all three 

experiments (fig.4.3.1, fig.4.3.7, fig.4.3.13), the following conclusion could be drawn. The 

lower the contact time in the catalyst, the less secondary reactions took place, even when 

the reactant composition was two times higher since paraffins resulted mainly from 1- 

octene isomers. Isobutane reached maximum yield of around 0.35 at the minute of the 

reaction for the lower contact time experiments (fig. 4.3.13), whereas for the higher contact 

times (fig. 4.3.1 and fig, 4.3.7), it had maximum yields between 0.5 and 0.6 respectively. 

The yields at the end of TOS were less than 0.1 for the lower contact times, in contrast with 

yields between 0.2 - 0.4 for the other two cases.

In particular, only isobutane exhibited significant differences in its initial yields. The other 

three major products had similar initial values for all three experiments. However, all
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products exhibited the lowest final yields at the low contact times experiments. This 

behaviour was explained, as before, by the formation of the 1-octene isomers. It seems 

reasonable to assume that the ratio of cracking reactions over isomérisation reactions 

increases with acidity strength. With preferable deactivation of the strong zeolitic acid sites, 

this ratio decreases in favour of isomérisation reactions. Cracking of the intermediate 1- 

octene isomers decreases, resulting in an increase of their mole fraction.

The 1-octene isomers reached the highest final yield of 0.7 for all three reaction 

temperatures (rig. 4.3.17). Compared with the formation of 1-octene isomers of the other 

cases, there was a huge difference in the final amounts. The increase of the 1-octene 

isomers yield with TOS was faster at low residence times. As already mentioned 1-octene 

underwent a rapid isomérisation reaction and the 1-octene isomers underwent further 

cracking. Isomérisation took place near to its equilibrium and was less affected by catalyst 

deactivation. For cracking reactions over the deactivated catalyst, the residence time 

corresponding to 25 uiIn / min was enough to keep the extent of the reactions high while 

that was not enough at the 100 uiIn / min experiments, resulting in faster deactivation.

Another significant difference was that at low residence times they did not show any 

differences in their yields with reaction temperature. This would explain why isobutane and 

isopentane, as the two products with the largest selectivities did not show any significant 

differences in their yields with reaction temperatures.

The similar 1-octene isomer yields with reaction temperatures could be explained by the Nz 

flow rate. When the reactant 1-octene came in contact with the catalyst the first reaction-
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taking place was 1 -octene isomérisation. The 1 -octene isomers, then underwent secondary 

reactions, resulting in further products. Since the residence time was almost four times 

smaller, less 1 -octene isomers would have time to undergo such secondary reactions when 

in contact with the catalyst, resulting in the formation of fewer products. And since as it 

was discussed earlier, the isomérisation reactions of 1-octene were more dependent on the 

composition and not on the reaction temperature, the formation of the isomers did not vary 

with increasing temperatures.

The slopes of the 1-octene isomers indicated the deactivation of the catalyst through coking 

in relation with time, since their rate of formation was reduced. As it will be shown later on, 

temperature greatly influenced the formation of coke, which was formed by olefins, and 

influenced the product selectivities.

The conclusion drawn in the previous set of experiments that, the rate of formation of 

isobutane was more dependent on the Cg isomers than the other products could be seen 

more clearly in this set of experiments, since the overall yields of isobutane changed with 

the formation of the Cg isomers, whereas for the other products of the reaction, only their 

final yields showed significant differences.
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4.3.4 Experimental runs at medium reactant composition and low 
residence time

The final set of experiments and their results, using 1-octene as reactant, are represented 

below (fig. 4.3.19 to fig. 4.3.24). In this case, the reactant composition was again hold at 10 

%, but the N] flow rate was increased to 190 ml^ / min, i.e. a contact time almost 8 times 

smaller than the initial two experiments, and nearly 4 times smaller than the third one. The 

reason behind this increase in N] flow rate was to confirm the trend of less reaction-taking 

place with increasing the inert gas flow rate.
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Fig.4.3.19: Isobutane mole fraction during 1-octene cracking over USHY, at various 
temperatures, 10 % reactant composition and 190 mlw / min N] flow rate.

157



Chapter 4: 1-octene reactions

523 K / 10% 
V.P.

0.25

573 K / 10% 
V.P.

623 K / 10% 
V.P.u_

0.00

T im e -o n -s tre a m  (m in )

Fig.4.3.20: Isopentane mole fraction during 1-octene cracking over USHY, at various 
temperatures, 10 % reactant composition and 190 mlw / min N] flow rate.
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Fig.4.3.21: Propane mole fraction during 1-octene cracking over USHY, at various
temperatures, 10 % reactant composition and 190 ml^ / min N2 flow rate.
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Fig.4.3.22: N-butane mole fraction during 1-octene cracking over USHY, at various 
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Fig.4.3.23: 1-octene isomers mole fraction during 1-octene cracking over USHY, at various
temperatures, 10 % reactant composition and 190 mU / min N] flow rate.
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Fig.4.3.24: 1-octene mole fraction during cracking over USHY, at various temperatures, 10 
% reactant composition and 190 ml^ / min N] flow rate.

Comparing all four sets of reactions, it was obvious that the set of experiments with the 

least paraffinic product formation rate occurring was the one with the low reactant 

composition, the higher N] flow rate and at the lowest temperature of 523 K. This could be 

seen from both isobutane and isopentane product graphs, as well as the reactant graph, 1- 

octene. For example, the initial yield of isobutane at the second minute of the reaction (fig. 

4.3.19) was the least achieved, around 0.3, with the highest Nj flow rate, whereas for the 

other two lower Nz flow rates were 0.35 and 0.5, and for the higher reactant composition 

was nearly 0.6. The final yields were similarly decreasing with increasing the Nz flow rate.

The above conclusion could, also, be verified from the reactant graphs (fig. 4.3.24). The 

mole fraction of 1-octene for 523 K and 190 ml/min Nz flow rate at the end of TOS was
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0.08, whereas the achieved mole fractions for the other two smaller Nz flow rates were 0.05 

and 0.04 respectively.

Another point of interest was the similar initial yields obtained for propane for all sets of 

experiments. However, there was one difference: the decrease in the yields of propane with 

respect to TOS, as the Nz flow rate increased. For the 25 ml^ / min Nz flow rate cases 

(fig.4.3.3 and fig.4.3.9), propane reached an initial yield at the beginning of the reaction 

time, which remained the same throughout the TOS. However, for the 100 uiIn / min (fig. 

4.3.15) and 190 hiIn / min (fig.4.3.21) Nz flow rate cases, although propane had the same 

initial yields, these did not remain constant throughout TOS, but gradually decreased. This 

is another example of the effect of changing the reactant contact times with the catalyst and 

the explanation is the one put forward for the 1-octene isomers yield increase.

The formation of the 1-octene isomers was, also, a point for discussion. The final 

selectivity of 1-octene into its isomers was larger for the highest Nz flow rate (fig.4.3.23) 

than in the other sets o f experiments. They reached a yield of 0.8, compared with the yield 

of 0.7 for the 100 ml / min Nz flow rate (fig.4.3.17). However, this difference was very 

small compared with the difference of about 0.35 between 25 ml / min Nz flow rate 

(fig.4.3.11) and 100 ml / min Nz flow rate (fig.4.3.17). This indicated that the ability of 1- 

octene to isomerise was beginning to reach its maximum, for the allocated TOS, between 

the middle Nz flow rate of 100 ml^ / min Nz flow rate and the highest one of 190 ml^ / min 

Nz flow rate, and further increases in the Nz flow rates would not significantly influence 

this ability.
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To make clear the role of each component in the reaction scheme, the following two 

graphs, fig.4.3.25 and fig.4.3.26 were plotted. The 1-octene isomers and isobutane mole 

fraction are plotted against residence time, at different times on stream, for the three sets of 

experiments with 10% reactant composition and 623 K.

1.00

0.80

1 min

2 min  

5 min  

2 0  min

O 0.60

o 0.40

o  0.20

0.00
0.002 0.004 0.006 0.008 0.01 

R e s id e n c e  T im e  (m in )

0.012 0.014 0.016

Fig. 4.3.25: 1-octene isomers mole fraction during 1-octene cracking over USHY, at 
different residence times, different times on stream, 10% reactant composition and 623 K.

From fig.4.3.25, the curves of the 1-octene isomers mole fraction confirmed that these 

isomers behaved as intermediates in our reaction scheme, while isobutane (fig.4.3.26) was 

clearly the end product in a consecutive reaction network. Furthermore, the more the 

catalyst was deactivated, the lower was the extent of cracking of 1-octene isomers, resulting 

to higher maximum of their mole fraction. This difference with TOS was quite pronounced 

at low residence times, but almost non existing at the highest value corresponding to Nz

162



Chapter 4: 1-octene reactions

flow of 25 mlN / min. At this case, the isomers molecules had enough time to be further 

cracked even over a considerably lower number of active sites.

0.60

0.50
c
o

ro 0.40 

0)
^  0.30

3  0.20 
£1 O (/)

0.00
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

1 min

5  min

2 0  min

R e s id e n c e  T im e  (m in )

Fig. 4.3.26: Isobutane mole fraction during 1-octene cracking over USHY, at different 
residence times, different times on stream, 10% reactant composition and 623 K.

The following two graphs (fig.4.3.27 and fig.4.3.28) show the 1-octene conversions into 

products with TOS. In all cases, the initial conversion of the reactant into products 

exceeded 95%. The basic trends that could be drawn from these graphs, was that the higher 

the reaction temperature, the higher conversion there was into products as expected.

From both graphs, the lowest 1-octene conversion into products of 90 % appeared at the 

end of TOS at the lowest temperature of 523 K, with the smaller reactant composition of 

10%, and lowest reactant contact time of 190 ml/min.
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Fig.4.3.27: 1-octene conversions during cracking over USHY, at different temperatures, 25 
mU/ min N] flow rate and different reactant compositions.
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Fig.4.3.28: 1-octene conversions during cracking over USHY, at different temperatures,
10% reactant composition, and different reactant contact times.
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Finally, the reacted catalyst had a combination of colours. On the top part of the bed, the 

typical reacted colour appeared -  dark green - that was fading towards the middle, and 

leaving the bottom part (exit) with a less green and more white colour, that of an unreacted 

catalyst. This indicated that most of the coking took place at the very top of the catalyst 

bed. Since 1 -octene isomérisation was the first reaction taking place, this would explain the 

dark green colour of the catalyst, as olefins are responsible for coke formation. Then, the Cg 

isomers would undergo their secondary reactions, probably in the middle and bottom part 

of the catalyst bed, which would explain the less dark colour of the catalyst. And since 

USHY is very active, the amount of catalyst used - typically around 0.5g - was sufficient to 

achieve high conversions for the TOS allowed for these experiments.

4.3.5 Concluding remarks

In general, olefins are more readily cracked over acidic media than paraffins. This is easily 

accepted when comparing the cracking results of 1-octene with isooctane and n-octane. 1- 

octene achieved conversions no less than 90 % even at the end of TOS, whereas the highest 

isooctane conversion was 80% and for n-octane even lower, 60 %. Regarding the 

selectivities of the major paraffin products :

• fi-om n-octane, more propane and n-butane were formed than from isooctane or 

1-octene

• isobutane had the highest yields with isooctane as reactant 

•isopentane yields followed the order : 1-octene > n-octane > isooctane.
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Overall, the major products for the three reactants were the same, with the exception of 

isobutene produced with isooctane. Figure 4.3.29 represent the selectivities of the three 

reactants for paraffins, at 20 min of TOS, 0.20 bar partial pressure, 623 K and 25 ml^ / min 

Nz flow rate. However, 1-octene cracked (although in very small amounts) into products 

with carbon numbers greater than 4 i.e., molecules of the families of C5 , Ce, and C?. 

However, due to not having in hand a GC -  MS, these molecules were not possible to be 

identified for what they were, but it was possible to categorise them into their carbon 

number families.
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Fig.4.3.29: Product mole fraction of the three reactants during cracking over USHY for 
products with carbon number of 3,4 and 5, at the end of TOS, 0.20 bar partial pressure, 623 
K and 25 ml^ / min Nz flow rate.

166



Chapter 4: Coke results

4.4 CO K E R ESU LTS

During most organic reactions catalysed by solid acidic catalysts, side reactions occur that 

form components of high molar mass, low hydrogen content and high boiling point. These 

components occupy the catalytic active surface and deactivate the catalyst. We use the term 

coke for the mixture of these numerous components that remain after the removal of the 

reaction mixture at ambient conditions and the term coke precursors for components 

intermediate in the complex reaction network that forms coke.

Coke is mostly formed through the formation of secondary products produced by olefinic 

secondary reactions (Magnoux et al., (1987), Guisnet and Magnoux (1992a, 1992b), 

Boucheffa et al., (1997)), and is mostly polyaromatic in nature (Paweewan et al., (1998), 

Besset et al., (1999)). Coking, being a chemical reaction itself, increases with increasing 

reaction temperatures (Magnoux et al., (1987), Guisnet and Magnoux (1992a, 1992b)).

4.4.1 N-octane coke

The amounts of coke produced during n-octane reactions are presented in fig.4.4.1.1.

One can clearly observe that, although the two reactant compositions were in a ratio of 2:1, 

the coke content was only slightly higher for the high composition experiments. In all three 

reaction temperatures, the difference between higher and lower reactant compositions were 

less than 0.5 %. Hence, it would not be a gross generalization to say that, for straight 

paraffins, the amount of coke produced is more loosely dependent on the reaction
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temperature than on the amount of reactant used. This is based on the fact that the 

differences on coke contents were larger between the three reaction temperatures with the 

same composition than between the two different reactant compositions used. The reason 

for the low difference of coke concentration should be the following. Coking occurred on 

acidic catalytic sites and its reaction rate increased with the strength of these acid sites 

(Manos and Hofmann (1990)). Strong zeolite active sites promote coking enormously. 

Coke on these active sites was very fast, occurred in the first couple of minutes of TOS, as 

experiments with other reactants showed (fig.4.4.3.5). Coking on these strong acid sites 

shows zero order reaction behaviour, i.e. the coke formation rate is independent of the 

hydrocarbon gas phase concentration.
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□ 10% V.P. 

■ 20% V.P.

523 K 573 K
R eac tio n  T e m p e ra tu re  (K)

623 K

Fig.4.4.1.1: Coke content after 20 min of n-octane cracking over USHY, at different
reactant compositions and temperatures.
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The low amounts of coke produced with n-octane as reactant compared with those of the 

other two hydrocarbons can be easily explained since in our n-octane reaction scheme, 

there was no formation of olefins responsible for coke formation. The small amounts of 

coke produced are also supported by the fact that the catalyst, for both the 523 K reaction 

temperature experiments, did not have the usual brown colour after the reaction, that of a 

fully reacted catalyst, but most catalyst pellets were partly white in colour, which also 

indicated the low conversions obtained for n-octane.

4.4.2 Isooctane coke

With isooctane as reactant, coke amounts produced were larger than those produced from 

n-octane and smaller than those produced from 1-octene. This was expected, since 

branched paraffins are more reactive than normal paraffins but less reactive than olefins. 

Isooctane results are presented in the three graphs following below (fig.4.4.2.1 to 

fig.4.4.2.3). In each graph, isooctane has different N 2 flow rates, but the same composition.

As it can be seen from them above three graphs, the largest amount of coke produced 

during isooctane cracking was about 11 % (fig.4.4.2.1), for the 25 ml^ / min N2 flow rate, 

20 % reactant composition and 623 K reaction temperature. At the same time the lowest 

coke content was 6 % (fig.4.4.2.3) and was observed for 190 mlN / min N2 flow rate, 5 % 

reactant composition and 623 K reaction temperature.
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Fig. 4.4.2.1: Coke content after 20 min of isooctane cracking over USHY, at 20% reactant 
composition, various contact times and temperatures.
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Fig.4.4.2.2: Coke content after 20 min of isooctane cracking over USHY, at 10% reactant 
composition, various contact times and temperatures.
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Fig.4.4.2.3: Coke content after 20 min of isooctane cracking over USHY, at 5% reactant 
composition, various contact times and temperatures.

When comparing the coke results of isooctane with different N] flow rates a decreasing 

coking tendency with increasing N] flow rate was observed. Higher flow rates of inert gas 

resulted in higher amounts of olefins being desorbed and transferred into the gas phase and 

therefore less coke precursors been left on the catalyst surface, which formed less coke.

In addition, at 20 % reactant composition, coke increased with increasing reaction 

temperature. This was expected, since reaction rates increase with temperature.

However, the trend of increasing coke amounts with increasing reaction temperatures was 

surprisingly reversed at the other two composition values, 10 % and 5 %. The coke 

amounts decreased with temperature at both sets of experimental runs. The main reason of 

catalyst deactivation through coking is the formation of olefins, which undergo secondary
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reactions producing coke (Magnoux et al., (1987), Guisnet and Magnoux (1992a, 1992b)), 

Boucheffa et al., (1997)).

It was assumed that responsible for coke production with isooctane as reactant was 

isobutene. In all cases the yields of isobutene increased with increasing the reaction 

temperature and with increasing the N] flow rates. This behaviour would explain the 

smaller amounts of coke produced with increasing reaction temperatures at low reactant 

compositions and the smaller amounts of coke with increasing the N] flow rates between 

the same reactant compositions. Since more amounts of isobutene desorbed and transfered 

into the gas phase with increasing reaction temperatures, less amounts of isobutene would 

undergo secondary reactions, and therefore, less coke would be produced with increasing 

reaction temperatures. For example, the yield of isobutene at the end of TOS with 25 ml^ / 

min Nz flow rate, 10 % isooctane composition and 623 K was near 0.035, whereas for the 

lowest temperature of 523 K was near 0.01 (fig.4.2.19). On the other hand, isobutene yield 

for 100 mlN / min Nz flow rate, 10 % isooctane composition and 623 K was 0.08. 

Therefore, it is not a gross generalization to say that the higher the yields of isobutene 

exiting the reactor at the end of TOS, the less coke amounts are produced regardless the 

effect of temperature or contact times.

A possible explanation for lower coke contents with increasing temperatures could be the 

fact that the activation energy of the reactions responsible for coke formation could be 

lower than the activation energy of secondary reactions of the olefins responsible for coke 

production. The temperature in that case would increase both reaction rates, but the
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reactions forming secondary gaseous products would enhance more, leaving much less 

adsorbed olefinic species to form coke. The end result would be less coke formation, albeit 

the increase in coking kinetic constant. The concentration of coke precursors would be 

much lower, resulting to a net decrease of coking rate. To confirm this statement, a simple 

model was set up, described in the next chapter. The simulation results showed this being 

the cause of the unusual temperature behaviour. Similar explanation, namely this of an 

easier retention at lower temperatures of coke precursors in the zeolite micropores was 

given by Cerqueira et al., (2000), who observed the same coke reversal with temperature 

during m -  xylene transformation over USHY zeolite at 520 and 720 K.

However, this decrease in coke amounts with increasing reaction temperatures was not 

observed at the experiments with high reactant compositions, although isobutene yields 

followed exactly the same trends as in the other two lower compositions. Obviously at the 

higher composition, the resulted decrease in adsorbed coke precursors was not enough to 

compensate for the increased coking kinetic constant.

In order to ascertain the above conclusion, two different methods were introduced for coke 

analysis. The first one involved the passage of high nitrogen flows at 673K immediately 

after the end of the experiment, for l/2h. The reason behind this was to remove any volatile 

compounds deposited in the catalyst, in order to leave only non volatile coke compounds. 

However, the results showed the same decrease in coke amounts with reaction temperature 

(fig.4.4.2.4). The coke amounts found with this method were of course less than before.

173



Chapter 4: Coke results

which is in accordance with the fact that a large amount of volatile compounds have 

evaporated, leaving only the heavy by-products of the reaction on the catalyst.

100 ml/min 
/10% VP.

□ 190 ml/min 
/10% V P.

523 573

R eac tio n  T e m p e ra tu re  (K )

623

Fig.4.4.2.4: Coke content, after h in high temperature, of isooctane cracking over USHY, 
at 10% reactant composition, various contact times and temperatures.

Another method was to calculate the coke weight percentage not as the whole weight 

difference from the beginning of the TGA experiment, but as the weight difference between 

different initial temperatures and the final temperature of 1073K. Fig.4.4.2.5 shows the 

coke amounts for isooctane cracking. It can easily be seen that in all different regions the 

coke content of the smaller reaction temperature is higher than the larger reaction 

temperature.
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Fig.4.4.2.5: Coke content after 20 min of isooctane cracking over USHY, at 25 ml^ / min 
N] flow rate, 10 % reactant composition and different coke treatment temperatures.

Similar results of decreasing coke amounts with increasing reaction temperatures for the 

low reactant compositions were observed using 1-octene as reactant as well.

4.4.3 1-octene coke

Using 1-octene as reactant, a confirmation of the pattern that olefins produce more coke in 

comparison with alkanes and branched -  alkanes, is presented. In all four sets of 

experiments performed with 1-octene as reactant, the coke amounts far surpassed those 

from the other two reactants. 1-octene coke results are demonstrated in the fig.4.4.3.1 and 

fig.4.4.3.2.

As it can be seen from both figures, the highest coke amount was selected at 623 K with 25 

min / min N] flow rates, and 20 % reactant partial pressure. This is a confirmation of the
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literature trend that higher temperatures and reactant compositions deposit more coke on 

the catalyst. However, this trend has been reversed in all cases with low reactant 

composition, similarly to the isooctane coke results. The coke amounts decreased with 

increasing temperatures.
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Fig.4.4.3.1: Coke content after 20 min of 1-octene cracking over USHY, at different 
reactant compositions, 25mlw / min N] flow rates, and temperatures.

The explanation of higher coke amounts with decreasing temperatures is the same as the 

one presented for isooctane. In this case with 1-octene as reactant, more olefins were 

present in the product spectrum, namely 1-octene isomers, which should contribute 

considerably to coke formation. For the high composition case, the Cg isomers exhibited 

significant differences in their yields. In particular, at the end of TOS, the lower the 

temperature, the larger were the yields of Cg isomers. This meant that since more olefins
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exited the reactor at lower temperatures, less secondary reactions took place, resulting in 

less coke. This is the explanation behind the normal trend of higher coke amounts with 

increasing temperatures exhibited at high contact times. Similar decreases in coke with 

increasing temperatures were observed for both high N2 flow rates (fig.4.4.3.2). As in the 

case with isooctane, the activation energy of the reaction responsible for coke formation 

play a significant role in the coke trend. When the coking activation energy is lower than 

this of secondary olefmic reactions to gaseous products, coke decreases with temperature. 

This statement is discussed in the next chapter.
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Fig.4.4.3.2: Coke content after 20 min of 1-octene cracking over USHY, at 10% reactant 
compositions, different contact times and temperatures.

Another point of interest is the differences in coke amounts between the same N 2 flow rates 

and different reactant compositions (fig.4.4.3.1). From n-octane and isooctane coke results, 

the trend was that the lower the reactant composition the less amounts of coke would be 

produced. However, for 1-octene this was not the case. At 523 K, the coke produced for the
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20 % reactant composition was a little more than 12 %, whereas for the lower reactant 

composition the coke produced was near 15 %. Similarly for 573 K, the lower reactant 

composition produced more amounts of coke. This behaviour could, again, be explained by 

the selectivities to the 1-octene isomers. The Cg isomers yield for the low composition 

(fig.4.3.11) was around 0.15, whereas for the high composition (fig.4.3.5) was around 0.35. 

Therefore, following the theory that the more Cg isomers exiting the reactor with TOS the 

less amounts of coke would be produced, explains the reversible trends mentioned above. 

Similarly, for the 573 K experiments, the Cg isomers had a yield difference of around 0.05, 

resulting in a coke difference of 0.05 %.

Comparing the coke results with different Ni flow rates (fig.4.4.3.2), the conclusions drawn 

were in accordance with the selectivities obtained for the products. The higher the N 2 flow 

rates, the less amounts of coke produced, since less conversion of 1-octene isomers into 

products was observed.

In order to ascertain the above conclusions, the same method as in the case of isooctane 

was introduced for coke analysis. It, again, involved the passage of high nitrogen flows at 

673 K immediately after the end of the experiment, for V2 h. The results showed a much 

smaller decrease in coke amounts with reaction temperature, but a decrease nevertheless. 

The coke amounts found with this method were less than before, which is in accordance 

with the theory that a large amount of volatile compounds have evaporated, leaving only 

the heavy by -  products of the reaction in the catalyst. These results are presented in 

fig.4.4.3.3.
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Fig.4.4.3.3; Coke content, after Vi h in high temperature, of 1-octene cracking over USHY, 
at 10% reactant compositions, different contact times and temperatures.

The smallest amount of coke obtained was 10 %, for the case of low 1-octene composition 

and highest N2 flow rate. This was in trend with the theory that coke amounts were directly 

related with the formation of the 1-octene isomers and that the more Cg isomers exiting the 

reactor with TOS the less coke would be produced, since the Cg isomers for this case 

exhibited their maximum yield than all the other cases.

A further three experiments were performed at 573 K using the middle N2 flow rate of 100 

mlN / min and low reactant composition of 10 %, at different reaction times, in order to 

better understand how fast coke formation is. The results are represented in fig.4.4.3.4 

below.
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Fig.4.4.3.4: Coke content after different reaction times of 1-octene cracking over USHY, at 
10% reactant compositions, 100 mlN / min N] flow rates and 573 K.

From the above figure, it is fairly obvious that coke formation is an extremely fast process 

at the beginning of catalyst exposure to the reaction mixture. The slope of the coke content 

curve is extremely high during the first minute, while it becomes much flatter after that. 

After 1 min coke content shows a linear dependence upon TOS. More than of the coke 

formed during 20 min was produced at the first minute of TOS. As the reaction time 

increased, coke formation rate decreased, indicating a deactivation of the coking itself. At 4 

times the reaction time, i.e., at 80 minutes, coke was still formed, but its rate of production 

was more than halved, reaching a value of 23 %. This was an indication of how active was 

the USHY catalyst used in these experiments. A more complete picture of coke at short 

TOS is presented in fig.4.4.3.5.
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Fig.4.4.3.5: Coke content after different reaction times of 1-octene cracking over USHY, at 
10% reactant composition, different Nz flow rates and temperatures.

In general, 1-octene produced more coke than isooctane, which in turn produced more coke 

than n-octane. In all cases with isooctane and 1-octene as reactants and using low reactant 

compositions, coke content decreased with increasing temperature. This could be attributed 

to the higher amounts of olefins exited the reactor with increasing temperatures, and the 

reason behind this trend was that since olefins were responsible for coke production, and 

since higher amounts were exiting the reactor, less amounts of olefins would undergo 

secondary reactions, and therefore, less coke would be produced. Another explanation 

could be that coke content decreased with increasing temperatures when the activation 

energies of the coking reactions were lower than the activation energies of the olefins 

(responsible for coke production) hydrogenated into paraffins.
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The effect of increasing the inert gas flow rates in coke production was a reduction in coke 

amounts produced. The effect of decreasing the reactant composition in coke production 

was a reduction in coke amounts produced in all cases with the exception of using 1-octene 

as reactant, 25 ml / min N2 flow rate, and for 523, 573 K reaction temperatures. Coke 

results at very small reaction times showed that coke production is a very fast process, 

independent of any changes in the reaction conditions.
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4.5 MODELLING

It is accepted that the catalytic cracking of paraffins and olefins is a complex process, 

which occurs on the Broensted sites of the catalyst and involves carbonium and carbénium 

ions. As it has been discussed earlier on, the disappearance of the reactant can occur by 

different mechanisms. These mechanisms are very complex and any process is dependent 

on its particular conditions, which influence the product selectivities. However, the 

formation of coke during catalytic cracking is unavoidable, causing a fast catalyst 

deactivation and influencing the performance of the catalytic system.

The aim of this chapter is to develop a simple model of our catalytic system, in order to 

ascertain the trend of lower coke contents with increasing temperatures occurring at low 

reactant compositions. The explanation put forward in the previous chapter was that since 

olefins was responsible for coke production, and since more amounts of olefins exited the 

reactor with increasing reaction temperatures, less olefinic secondary reactions to coke 

would take place and therefore less coke would be produced with increasing reaction 

temperatures.

A simplified reaction scheme for the cracking of isooctane (R) is given. Isooctane produced 

via cracking paraffins (P) and olefins (O). However, some of the olefins underwent 

secondary reactions, giving paraffins (?) and coke (C) on the catalyst. This reaction scheme 

is represented below:
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R -> P + O (reaction 1)

O ^  P (reaction 2)

0  ^  C (reaction 3)

Corma et ah, (1996), for a similar catalytic system have assumed pseudo -  first order 

kinetics. Therefore, for our reaction scheme, pseudo -  first order kinetics has been 

considered, too.

r. =  k^C f. (1 )

where r, is the kinetic rate for reaction i  ( m o l  g ' ^ m i n ^ )  , k i  is the kinetic constant for reaction

1 (cm  ̂ gcAT r̂nin )̂, and Ck is either the reactant concentration Cr for reaction 1 or olefin 

concentration Cq for reactions 2 and 3, i.e., the concentration of the reactant of the 

corresponding reaction (maÏR /cm^). Mass balances for reactant R, paraffin P, olefin O and 

coke C have been formulated.

Mass balance for reactant R:

O 3 1
where V is the volumetric flow rate ( c m  m i n  ), W is the weight of the catalyst ( g c A r )  and 

(pi is the activity factor which is equal to one at TOS = 0 and decreases with the 

concentration of coke on the catalyst (Cc), following the equation (Corma et al., (1996)):

3̂,. = exp {-a ,.Ce) (3)

Mass balance for product paraffin P:
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o
^  ~  (4)aW

Mass balance for olefin O:

o (i(2
V = k A  Cr -  ( ^ 2^2 +  r i k A  )Co (5)

The rate of coke formation is given by:

dC ^ _
(6)

where ys is the stoichiometric coefficient of olefin in reaction 3 and y is the molecular 

weight of the olefin involved in the formation of coke (reaction 3). The solutions of 

equations (2), (4), (5) and (6) are presented in appendix C.

In the previous chapter it was assumed that coke content decreased with increasing 

temperatures when the activation energies of the coking reactions were lower than the 

activation energies of the olefins (responsible for coke production) hydrogenated into 

paraffins. From the above model the initial coking rate has been calculated over fresh 

catalyst i.e., (pi= (p2= (p3=l-

The simulated results shown below, with the activation energy of reaction 2 smaller than 

the activation energy of reaction 3, demonstrate indeed that the coke content increases with 

temperature (fig.4.5.1).
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In all simulated results, the average initial coking rate was presented in units of gcoKE gCAT* 

' min’’, since we intended to show the reverse temperature effect on coke observed in 

various experimental runs. Another assumption made was that reaction 2 was much faster 

than reaction 1, which was faster than reaction 3, similar with assumptions made by Corma 

et al., (1996). These assumptions are manifested in the values of pre-exponential factors ki, 

kz, kg.
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Fig. 4.5.1: Average initial coking rate during isooctane cracking over USHY, with kinetic 
constants values at 523 K of ki=500 cm  ̂ gcAi 'min'', kz l̂OOO cm^ gcAT’’min'’, k3=10 cm  ̂
g C A i  'min"', and activation energies of Eai=65 kJ mol'*, Ea2=80 kJ mol ', Ea3=100 kJ mol '.

On the other hand, in our simulated system, when the activation energy of reaction 2 was 

higher than the activation energy of reaction 3, then the average initial coking rate 

decreased with increasing reaction temperatures (fig.4.5.2.). This meant that reaction 2 was 

more enhanced than reaction 3 i.e., most of the olefin produced by reaction 1 would
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produce more paraffin through reaction 2, leaving less olefin to produce coke by reaction 3, 

and therefore less coke would be produced with increasing reaction temperatures.
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Fig. 4.5.2: Average initial coking rate during isooctane cracking over USHY, with kinetic 
constants values at 523 K o f ki=500 cm  ̂ gcAT'^min'\ k2=1000 cm  ̂ gcAT'’rnin'*, k3=10 cm  ̂
gcAT''min'', and activation energies o f Eai=65 kJ m of', Ea2=100 kJ m o f’, Ea3=80 kJ m of'.

Another interesting point from the simulated results can be seen in fig.4.5.3. Coke seemed 

to exhibit a maximum at the medium temperature of 573 K. In case A, when the activation 

energy of reaction 2 was slightly smaller than the activation energy of reaction 3, the 

average initial coking rate showed an expected increase between 523 and 573 K 

temperatures, which was then minimised between 573 and 623 K. With reversed activation 

energies for reactions 2 and 3 (case B), the average initial coking rate increased between 

523 and 573 K, but then decreased to an even smaller value for the 623 K reaction 

temperature. Since both reactions 2 and 3 became much faster than reaction 1, there was

187



Chapter 4: Modelling

not enough raw material i.e., olefin, to form coke at the highest reaction temperature, 

resulting in this maximum in the average initial coking rate.
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Fig. 4.5.3; Average initial coking rate during isooctane cracking over USHY, with kinetic 
constants values at 523 K of A: ki=500 cm gcAr'^rnin ', k2=1000 cm^ gcAri'niin'', k3=10 
cm  ̂ gCAi 'min'', and activation energies of Eai=65 kJ m of', Ea2=80 kJ m of', Ea3=85 kJ
m o f, B: ki=500 cm  ̂ gcA i'm in', k2=1000 cm  ̂ gcAT"’niin '\ k3=10 cm  ̂ gcAT'min'', and 
Eai=65 kJ m of', Ea2=85 kJ m of', Ea3=80 kJ m of'.

- 1

Therefore, what can be concluded is that it was possible for the coke content to decrease 

with increasing temperatures, if the activation energies of the reactions involved in our 

catalytic system were reversed, i.e., favouring the secondary reactions of the olefins to 

produce more products instead of coke.

188



Chapter 5: Conclusions and future work

CHAPTER 5. CONCLUSIONS AND FUTURE WORK

The purpose of this study was, to answer questions concerning the catalytic cracking of 

hydrocarbons, such as the effect of residence time on product selectivities as well as the 

effect of the feed reactant composition. Furthermore the mechanisms of cracking for the 

different reactants and the deactivation of the catalyst through formation of carbonaceous 

compounds were studied. However, catalytic cracking is such a broad subject, with little 

understanding so far in its different properties that inevitably new questions arise all the 

time. Nevertheless, the results discussed and explanations given to various patterns 

identified by the analysis were aimed to become the basis for future research on the subject.

5.1 C O N C LU SIO N S

• For all reactants used isobutane was the product with the highest selectivity. Highest 

yields of almost 0.9 were observed and maintained at high level throughout the 

experimental runs during isooctane cracking. Propane, n-butane and isopentane were 

the other major product. However, in isooctane reactions, isobutene was formed in 

larger amounts than n-butane. During isooctane cracking, isobutene yield increased 

with TOS, in contrast to the deactivating behaviour of the catalytic system.

• Of special interest were the very small amounts of small olefins from reactions of n- 

octane and 1-octene. The reason for the almost total absence of olefins from the gas
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phase product spectrum could be attributed to the fact that olefins were formed but 

underwent secondary reactions, yielding paraffins or coke.

• With n-octane or isooctane as reactants, all paraffinic products resulted also from 

primary cracking reactions. With 1-octene, the bulk amount of paraffinic products 

resulted from secondary cracking reactions from 1-octene isomers, since the first 

reaction taking-place was 1-octene isomérisation.

• N-octane cracking proceeded via p-scission and hydride transfer reactions. The large 

pore USHY zeolite favoured the latter reaction scheme, resulting in the formation of 

large amounts of branched paraffins.

• The effect of changing reactant compositions showed slightly higher conversions for 

the higher compositions. At the same time, higher conversions were achieved at higher 

temperatures, as expected.

• For the same conditions used, n-octane achieved the smallest conversion of all three 

reactants, as expected, since as straight paraffin was not very reactive compared to 

branched paraffins or olefins.

• The cracking of isooctane proceeded via the hydrogen transfer of the feed hydrocarbon 

at the quaternary carbon atom over the Broensted acid sites. This mechanism led 

directly to isobutane and an isobutane carbénium ion, which resulted in the very high
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selectivities observed for isobutane. Isobutene was produced in the place of n-butane 

for isooctane cracking. Wbat was of greater importance, however, was the fact that 

isobutene yields increased with TOS. This was due to preferable deactivation of strong 

acid sites, resulting in more isobutene desorbed into the gas phase with TOS.

• As in the case with n-octane, the higher temperatures in all isooctane reactions led to 

higher conversions. Changing the composition, however, resulted in higher initial 

conversions at high compositions, but lower final conversions due to stronger 

deactivation. Higher conversion was observed with increasing residence time, as 

expected.

• 1-octene cracking showed conversions above 90% for the TOS allowed. 1-octene 

isomérisation took place in high extent. The smaller molecules were obtained mainly 

from secondary cracking of 1-octene isomers. With 1-octene at low composition and 

small residence time, the reaction temperatures effect was relatively small.

• The amounts of coke produced in n-octane reactions were small compared with the 

other two reactants. At the same time, isooctane coke amounts produced were smaller 

than 1-octene. In all cases, coke content increased with increasing reactant 

compositions or residence times. Coke formation during the first minute of TOS was 

significantly higher than at later stages, due to very strong zeolitic acid sites, which 

deactivated rapidly.

191



Chapter 5: Conclusions and future work

• Similarly, coke content increased with increasing reaction temperatures at high 

compositions. However, at low reactant compositions, coke contents decreased with 

increasing temperatures for both isooctane and 1-octene. This was due to a higher 

desorption and transfer rate of the olefins responsible for coke formation into the gas 

phase with increasing reaction temperatures.

• This was confirmed by simulation results. When the activation energy of the coking 

reaction was lower than the activation energy of secondary reactions forming paraffins 

from olefins, coke content decreased with increasing temperature.

5.2 FU T U R E W O R K

It is believed that in order to confirm some of the conclusions drawn and to explain certain 

phenomena behind the trends observed, further investigation is required.

Some suggestions on future work are the following:

Based on the results obtained on coke tendencies with respect to temperatures and with the 

individual deactivation steps, further study must be encouraged. By establishing the coking 

tendency, research must focus on identifying key reaction steps that results into the 

decrease of coke amount with temperature for low reactant compositions. Moreover, as this 

trend appears to be a function of the reactant, experiments can be specifically focused on 

the use of different reactants. For example, performing experiments with 1-octene and 

isooctane, along with other reactants showing the same tendency, can result in the
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discovery of common deactivation mechanisms, thereby closer in the identification of the 

key steps. Ideally, if key deactivating steps are established, the tendency towards coking 

can be predicted, and thereby minimised. Also more detailed -  rigorous modeling would be 

required for this purpose. At the same time, based on the fact that most of the coke amounts 

were formed within the first few minutes of the reaction, experiments at very short times- 

on-stream are essential.

Further research is needed with 1-octene as reactant. The high extent of 1-octene 

isomérisation is a subject that must be investigated further, since the complexity of this 

particular catalytic system makes the identification of the mechanisms of catalytic cracking 

impossible. The availability of a GC -  MS would be very helpful for this purpose.

Based on the findings on the high selectivities towards branched products, observed in all 

reactions, further investigation is required to determine if only the large pore size of USHY 

zeolite is responsible. It would be interesting to see, whether this occurs with ZSM-5 or p- 

zeolite as catalysts. ZSM-5 has much smaller pore size than USHY, while p-zeolite has a 

different pore network, namely no supercages. The literature is full of references to various 

catalysts used for cracking; hence catalyst treatment methods, as well as, a rough idea of 

the results expected can be found. Thus selectivity and coking trends can be established 

more easily.

Finally, use of advanced techniques for coke / coke precursors characterisation would 

provide valuable insight for all above purposes and therefore are strongly encouraged.
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APPENDIX A: COKED CATALYST
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APPENDIX B: CRITERION OF EXTERNAL MASS 

TRASFER

M ears’ criterion for testing the existence o f external mass transfer limitation is (Fogler 

(1992)) :

■ " t e "  "

then there is no external mass transfer.

where: rA = reaction rate = 3.4 x 10'^ Kmol / kgcAi s (at TOS = 1 min)

R = catalyst particle radius = 10'^ m

Pb = bulk density o f catalyst bed = 1250 kg / m^

Ca = bulk concentration = 0.0045 kmol / m^

kc = mass transfer coefficient =10'"^ m / s (for volumetric flow rate o f 100 

mlN / min) 

n = reaction order = order (assumed)

Substituting the above parameters in (1), the left hand side term becomes equal to

-  r ^ p  ^ R n
= 94 .4

which is much larger than 0.15. This indicates that at all experimental conditions the 

catalytic rate of the fresh catalyst was limited by external mass transfer.
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APPENDIX C : SOLUTION OF SYSTEM OF 
DIFFERENTIAL EQUATIONS USED IN MODELLING

V^=-k,<p,C,=>C,=C,,„e ^

v^=k,ç,c,+k,</>,Co =
dW  y

o d (2
V = K<!>\ Cr -  (k2<P2 + r3^3A)Co dW

(Jr.rn. Wo ( l(2^2+r3h<P3W  _ r A l f L _ / & f 2 ± / 3 A # l

=>Co=-,-------y-^----- ;---- e [1-e " " ]
o o

V V

X 3 ^ 3 ^ 3 ^ 0  ^  C  (J — y  2<p Q t
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