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ABSTRACT
A general introduction to catalysis is followed by a
summary that introduces the essential structural and chemical
characteristics of crystalline aluminosilicates

zeolites.

The catalytic properties of the zeolite surface are discussed,
with the nature of potential active sites being highlighted.
HFu='l and H-ZSM5, two novel high silica zeolites, are

introduced A general review of the n-butene isomerisation
precedes the experimental examination of the activity of
H-Ful, HZSM-5 and SiO 2 Al 2O 3 for the isomerisation of butl-ene0

The activity of all three catalysts has been attributed
to Bronsted acidity, with the hydroxyl groups of HZSM='5 being
more stable to thermal treatment than either H.-Fu-1 or
SiO 2 Al 2O 3

0

This phenomenon has been attributed to the higher

Si0 2 /Al 20 3 ratio of the former zeolite. The catalytic activity
of the three catalysts was reduced upon exposure to basic
molecules such as ammonia and pyridine. The use of base poisons
has revealed significant structural differences between H-Fu-1
and HZSM50
The reaction characteristics for each catalyst indicated
the role of the secondary butyl carbonium ion in the reaction
mechanism. The presence of polymeric butene was observed to
not only considerably deactivate the catalysts, but to also
effect the product selectivities for the reactions observed
over the zeolites The affect of polymeric butene on the
molecular diffusion of but-lene has been discussed The
activity of both H-Fu-1 and H=ZSM-5 for the but='l-ene
isomerisation was found to be lower than that observed over
Si0 2-A1 2 0 3 This has been attributed to the diffusion
limitations imposed by a combination of the zeolite structures
and polymeric butene,
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CHAPTER 1

INTRODUCTION TO CATALYSIS

101 Historical Perspective
The subject of catalysis is now considerably divorced
from the pedagogic philosophies of the early science. The
development of catalysis can be mirrored in the same framework as that attributed to the historical development of
science. Kuhn (1) has postulated that a science develops
along a pathway of revolutionary change; each revolution
being generated in situ through the inconsistanes of a
Normal Science paradigm. (i.e. the pattern of science
following the installation of an initial hypothesisi.
The 1836 paradigm of Berzelius 21 might perhaps be
considered as the initial hypothesis that generated the
momentum for a substantial Normal Science programme to
commence. Berzelius 2 was the first investigator to
classify the then known data and incorporate it under a
new collective idea - the concept of catalysis.
It is important, however, not to neglect the historical
contributions to the study of catalysis that occurred prior
to the work of Berzelius (2). Schwab (3)_ believes that the
science of catalysis, as known today, played a "governing
role's in the practice of alchemy (GK. "Khemia": art of
transmuting metals) up to the late eighteenth century.
The change of form whilst preserving the substance, the
mutation of metals Ce.g, the addition of copper to tin to
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produce bronzel, the search for the "Philosopher's Stone"
(the substance which could transform base metals into gold),
can all be viewed with respective regard to the present
state of the knowledge of catalysis. Paracelsus (ca. 14931541 A.D.), a Swiss physician, indeed defined alchemy "as
the science of transforming the raw materials of nature
into the finished products useful for humanity". (4)
A significant increase in the information obtainable from
catalytic-related discoveries at the interface of the eighteenth
and nineteenth centuries, superimposed upon the metaphysical
philosophy of the alchemists, completed all the elements that
Berzelius rationalisation required
The saccharification of starch by acids was discovered
by Parmentier 5 in 1781, although the significance of this
discovery was not established until 1812. (In 1818, De
Saussure 6 correlated the rate of the saccharification
with the presence of the acid). In the early 182Os,
Dobereiner 7 investigated the action of platinum on a
mixture of air and combustible gas, followed by the effect
of manganese dioxide on the decomposition of potassium
chlorate. In 1825, Faraday (8) investigated for the first
time the catalytic synthesis of ammonia from its elements.
These experiments, along with many others, allowed Berzelius
to ascribe the term catalysis to "the new power of inducing
chemical activity". His statement that ".... bodies through
their mere presence, have the power to awaken affinities
dormant at this temperature and, as a consequence of this,
the elements in a compound substance arrange themselves ..
was the starting point for scientific interest in catalysis.

9

- 14

For the next sixty years attention was focussed on
the development of theories that could explain the "catalytic
force " 3

0

The conceptual theories, such as the molecular

field of force or the presence of reaction intermediates,
have proved largely to be correct, although, without a
quantitative method to study catalysis, progress was
slow. In 1902, however, Ostwald (10) considered the level
of catalytic action in terms of the velocity of change that
the catalyst produced.

O s twa ld (1 O ) emphasized that a catalyst
cannot change the equilibrium position in a reversible
Cillof
reaction. This work led to the classic
catalysis
"A catalyst is any substance which alters the velocity
of a chemical reaction without appearing in the end products".
Bredig (12) amended this definition so as to include the
possibility of catalysts being altered during the catalytic
process while still not appearing in the stoichiometric
equation0 it is, however, to 0stwa1d

°1 that the

foundations of empirical quantitative research on the
catalytic phenomenon can be attributed. According to Thomson
and Webb (13) the most important advances in this research
have taken place in the past three decades.

12

Definition
A catalyst is a substance that alters the rate at which

a reaction reaches equilibrium without appearing in the
stoichiometric equation for the reaction. The equilibrium
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attained in a catalysed reaction is the same as that
observed for the corresponding homogeneous thermal reaction.
It is thus apparent that a catalyst affects the forward
and reverse reactions equally. The catalyst, in the course
of its catalytic action, can be considerably affected by
the reacting molecules. Typical phenomena noted in this respect
are catalyst sintering (14) , catalyst erosion (15) catalyst
etching 16 ', and catalyst deactivation

71 0 In the latter

case of catalyst deactivation the catalyst is covered with
residues formed from the interacting molecules. It has
been suggested that these residues can act as active sites
for the catalytic process (18)
Differentcatalysts can
function in different ways when in contact with the same
molecules. The decomposition of ethanol over alumina,
for example, yields ethylene and water, while the same
decomposition over copper or silver catalysts yields
acetaldehyde and hydrogen. This catalyst 'selectivity", for
dehydration and dehydrogenation respectively.0 in the example
quoted, has widespread industrial application.
Catalysts are classified according to the phase
relationships in which they operate with respect to reactants
and products.
In heterogeneous catalysis the reaction takes
place at an interface between two phases.
In homogeneous catalysis, the catalyst, the
reactants and the products, are all in the same phase.
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The present study is concerned with heterogeneous catalytic
activity, and, in particular, deals with the interactions
of a gas reactant phase with a solid catalyst phase,,

13

Heterogeneous Catalysis
In heterogeneous catalysis, for a gas/solid system,

the reaction takes place at the interface of the solid
catalyst and the gaseous reactant phase. Thus a necessary
precursor to catalytic reaction is the adsorption of the
reactant (or at least one reactant when more than one type
of reactant molecule is involved) at the catalyst surface,,
The adsorption arises from the fact that atoms at the
surface of the solid exert an attractive force normal to
the surface p1ane. This phenomenon is akin to surface tension
in liquids. The concentration of gas reactant molecules is
greater at the solid/gas interface than in the bulk gas phase,
the difference between the two being a measure of the magnitude
of adsorption. This adsorption is dependent upon the physical
and chemical properties of both the solid adsorbent and the
gaseous adsorbate, the ambient pressure of the gaseous
adsorbate, and the temperature common to both. The nature
of this adsorption is fundamental to the understanding of
heterogeneous catalysis.

1,,4

Adsorion

141 Historical Perspective
The adsorption of gases by wood charcoal was observed
by Rouppe

9 in 1796. The first authoritative adsorption
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theory of catalysis, however f was proposed by Fusinieri 21
in 1825, who suggested that the water formed when a mixture
of hydrogen and oxygen was sparked over platinum was less
attracted by the platinum, than were the reacting gases,
and so could thus evaporate away. Faradays 21 consideration
of the same experiment proposed that both gaseous reactants
were adsorbed when the reaction between the two gases was
catalysed; i.e. the adsorption of gases on solid surfaces
is intimately connected with the latters catalytic action on
gases. In 1872, Watts (221 attributed the platinum catalysed
reaction to the condensation of the gaseous molecules within
the pores of the finely divided metal.
Following the work of Bone and Wheeler C23) in 1906,
on the combination of oxygen and hydrogen on various
catalytic surfaces, Bodenstein and Fink C24) proposed that
an adsorbed layer of the reacting substance,or substances )
was formed. inmany catalytic reactions. Irving Langmuir 25 ,
however,. was the first scientist to place adsorption within
a quantitive framework. He proposed that there was a definite
number of sites on unit area of a solid surface that were
capable of holding adsorbed gas molecules. Assuming one
site to one molecule, and that the forces of attraction
between the gas molecules were negligible with respect to the
forces of attraction at the solid/gas interface, Langmuir 25
concluded that only monolayer adsorption would take place.
If the probability of the evaporation of the adsorbed molecule
was not influenced by the presence of the other adsorbed
molecules, the resulting adsorption isotherm related the

- 18

quantity of gas adsorbed to the gas pressure. At low
pressures the adsorption was proportional to the gas
pressure, and at high pressures a limit to adsorption was
reached as the surface became saturated.
1 4 2 The Nature of Adsorption
.

.

Two types of adsorption have been recognized; physical
adsorption and chemical adsorption (chemisorption)

0

The

driving force for the process of adsorption is the diminution
of the free energy existing at the surface of the adsorbent,
by the saturation of its free forces of attraction.
1 4 2 1 Physical Adsorption
.

.

.

In 1839, Daniell (261 observed a relationship between
the extent of adsorption of different gases and the ease of
their condensation over charcoal. Titoff 27 related the
amount of gas adsorbed, x, to the equilibrium pressure, P,
by the following equation:log 10x = log 10k +

1og 0P

guation 101

where k and n are constants.
Arrhenius 28 proposed that the amount of gas adsorbed
increased, to an upper limit, with the constant "a of the
van der Waals equation (i0e0 with the attraction of the
gas molecules for each other). Thus the major cause of
adsorption was the attraction of the adsorbed gas molecules
and the adsorbent. The adsorption Arrhenius 28 described
was physical adsorption.
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The existcnce of temporary dipole moments within
molecules, as a result of the various arrangements of
their constituent nuclei and electrons, causes dispersion
forces between them. These forces result in a net attraction
between the molecules. When the forces between two or more
particles are of this type, the interaction is of the van
der Waals type. Physical adsorption occurs when atoms or
molecules are bound to the solid surface by van der Waals
forces. In this way the adsorbate can be regarded as a
separate thermodynamic phase. The .binding energy of the
adsorbate, the enthalpy of physical adsorption, is comparable
to the corresponding heat of condensation of the gaseous
adsorbate ('t.3-35 kJmol

0

Heat of adsorption values as

high as 80 kJmo]. 1 , however, have been recorded for physical
adsorption (29 )

The enthalpy of physical adsorption is

generally low due to the weak forces involved. Physical
adsorption is not considered to be of immediate importance
to the surface catalysed reactions of stable molecules, since
the forces involved are small with respect to those of
chemisorption (see 1.4.2.2). It is known, however, that
molecules originally physically adsorbed to a solid surface
may become chemisorbed with or without molecular dissociation.
According to Thomson and Webb

3 , the maximum exothermicity

of physical adsorption occurs when the adsorbate-adsorbent
distance is of the order of
u enve

6L

i.e. the vander Waals

lop es uv are just touching. The amount of physical

adsorption occurring is only substantial near or below the
boiling point of the adsorbate, due to the small exothermicity
involved. Thus multilayer physical adsorption is observed
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at high pressures or low temperatures. This fact is
utilized in the determination of the surface area of
solids by the method attributed to Brunauer, Emmett and
Teller (30)
Physicaladsorption may be extensive, however,
at temperatures greater than the boiling point of the
adsorbate, if the adsorbent is highly porous in nature.
1.4.2.2

Chemisorption

In 1931, Taylor C31) reported on the data available
for the adsorption of oxygen on platinum, and noticed that
for each adsorption process there is a characteristic
velocity which is determined by the same factors which
govern the velocity of chemical reactions '.,,,'. Taylor(31)
introduced the idea of a required activation energy for
adsorption. He considered adsorption in two distinct
catogories; one with a small activation energy (physical
adsorption), and one with a large activation energy
(chemisorption)

0

The adsorbed layer formed upon chemisorption cannot be
regarded as a separate independent thermodynamic phase,
since the solid and the gas form a two-component phase
in equilibrium with a gaseous component. The occurrence of
a chemical reaction between the gas and solid upon chemisorption
is caused by the overlapping of the respective electron
orbitals. The chemical bond formed upon chemisorption can
either be ionic, covalent, or a combination of both 32 ,
Thus the solid adsorbent and the gaseous adsorbate should
be viewed together as a new chemical entity, May 33 , and
other workers, have shown that a completely reconstructed
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solid surface can occur on the dissociative chemisorption
of oxygen. The chemical formation of a surface compound,
upon chemisorption, usually involves a high exothermicity
of reaction 040-400 kJmol 1

)0

1.4.3 The Distinction between Chemical Adsorp4on and
Physical Adsorption.
In order to decide if physical adsorption or
chemisorption is occurring on a solid surface several
experimental criteria can be examined. These criteria are
considered below.
The magnitude of the heat of adsorption; (see
1421 and 1422)
The rate of adsorption: chemisorption, since it
is usually an activated process, should proceed at a lower
rate than phyical adsorption. From this consideration,
a diffusion-controlled physical adsorption will appear to
be a chemisorption0
(C)

The rate of desorption: the activation energy

of desorption from a chemisorbed state is generally greater
than from a physically adsorbed state.
(d) The temperature range over which adsorption occurs:
chemisorption should be capable of occurring at temperatures
well above the boiling-point of the adsorbate at working
pressures, whereas physical adsorption should occur only at
temperatures close to the boiling-point of the adsorbate at
the working pressure. Physical adsorption may be quite
extensive at temperatures much higher than the boiling-point
of the adsorbate, however, if the adsorbent is highly porous.
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(.el The specificity of adsorption: chemisorption,
being a chemical reaction, is generally specific in nature
while physical adsorption is not.
(f) The thermodynamics of adsorption: In physical
adsorption the entropy change is always negative since a
condensation process occurs on the adsorbent. Thus, for
physical adsorption to occur, the enthalpy of adsorption
will be negative. Chemisorption, however, involves a surface
reaction that features the rupturing and creation of
chemical bonds. Since some chemical reactions are endothermic
it may be expected that endothermic chemisorption exists.
De Boer 29 ', indeed, has shown that the chemisorption of
hydrogen on glass is endothermic.
While none of these six criteria should be judgd in
isolation (in order to determine whether the adsorption
is chemical or physical in naturel, a joint consideration
will in the great majority of cases leave little doubt as
to which type of adsorption is prevailing.

1.4.4 The Energetics of Adsorption
A catalyst is a substance that increases the rate at
which a chemical reaction reaches equilibrium. It is now
established that this is a consequence of the fact that the
activation energy of the reaction is lowered as a result of
a chemical combination with the catalyst and at least one
of the reactants.
Due to the imperfect knowledge prevailing on the
nature of the forces involved in chemisorption, it is not
possible to calculate with absolute accuracy the potential
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energy curve for the chemisorption process. A knowledge
of the heat of adsorption and the activation energy for
desorption, however, allows a general shape of the
potential energy curve to be constructed. The LennardJones curves for the copper-hydrogen system can be
constructed from the data supplied by Eley and Rossington 34 ,
to give a potential energy depiction for the chemisorption
of hydrogen on copper. This is shown in Figure ll
In Figure 101 the observed heat of adsorption is 336 kJmol
and the observed activation energy for the desorption of
hydrogen from the copper surface is 546 kJmol 1

0

Figure Li

illustrates how the hydrogen can dissociatively adsorb on the
copper surface (without the prior dissociation of the
adsorbed molecule in the gas phasel, due to the physically
adsorbed molecule attaining sufficient activation at X to
become chemisorbed0 Thus, in this case, the activation
energy for the chemisorption of hydrogen on copper is
21 kJmol 1

0

The process of a heterogeneous catalytic reaction
may be considered as occurring in five separate stages:The diffusion of the reactant(s) to the catalyst
surface from the gas phase.
The chemisorption of one or more reactant species
on the catalyst surface,
Chemical reaction on the catalyst surface.
Desorption of the reaction products from the
catalyst surface.
Diffusion of the reaction products away from the
catalyst surface.

-

24

-

2Cu

+

2H

>1

tP

(c)

a)
FOR
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2 Cu-H
Distance from surface to adsorbed
species

gure 11: Lennard-Jones curves for the copper-hydrogen
system (34)

Heat of chemisorption of hydrogen on copper.
Activation Energy for desorption of hydrogen
Heat of adsorption of atomic hydrogen.
Heat of physical adso :ption of hydrogen on copper.
Activation energy for the chemisorption of
hydrogen on copper.
X The height of X above the level of zero energy is
the activation energy of chemisorption.
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The overall rate of the heterogeneous catalytic reaction is
determined by the slowest of these stages or by a combination of more than one of them. Figure 12 illustrates how
these five elementary stages produce an overall potential
energy profile for the unimolecular heterogeneous catalytic
reaction. It can be seen from Figure 12 that the low energy
of the chemisorbed reactant is instrumental in lowering the
overall catalysed reaction activation energy with respect to
the homogeneous thermal reaction. Thus the thermal reaction
needs to proceed at a higher temperature in order to achieve
the same reaction rate as that observed for the catalytic
process.
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Re

Luc t

Product
Adsorbed

Reaction Coordinate

Figure 1.2: Energy Reaction path diagram for a simple unimolecular
reaction. (Steps (1)-(5) are as described in this
section)
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1 5 The Mechanism of Heterogeneous' Catalysis
In 1921 Langmuir 35 proposed that the phenomenon of
the chemisorption of molecules or atoms could be described
in terms of a relatively simple isotherm in which the
fraction of the surface covered could be related to the
pressure of the gaseous adsorbate. If the adsorption and
desorption processes are in equilibrium, the rate of
reaction on the catalyst surface is proportional to
the surface fraction covered by the reactant molecules.
Langmu ir ( 3 S) thus concluded that a relationship would exist
between the reaction rate and the gas pressure. This
reaction mechanism the Langmuir-Hinshelwood mechanism (36) applies to reactions that take place at high temperatures
where rapid adsorption and desorption are expected, despite
the high activation energy of these processes.
In 1930-1940 the exchange reactions between hydrogen
and deuterium over transition metals were observed to
proceed readily at temperatures as low as 193 K. Ridea1 37
and E1ey38) proposed that the reactions occurred between
strongly chemisorbed atoms and molecules, the molecules being
held to the catalyst surface by the weak van der Waals
forces associated with physical adsorption. Such a mechanism,
which involves exchange of the chemisorbed atoms with one
of the physically adsorbed molecules, has a small energy of
activation and would thus allow a reaction to occur at low
temperatures.
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To offer a hypothesis upon the nature and concentration
of the surface species from data gained from kinetic work
is not easy and extremely indirect. According to Hall
"

0 0

0

chemical kinetics do not directly measure the surface

kinetics which may be the most important mechanistic
feature

The interpretation of kinetic results,

indeed, is complicated by the fact that no account is taken
of the falling heats of adsorption with the increasing
surface coverage of the adsorbent by the adsorbate.
Although there are several experimental techniques that
allow for the nature of the adsorbed species in heterogeneous catalysis to be examined, the results so gained
are not unequivocal in their interpretation. The study of
isotopic exchange reactions is particularly useful in
providing means of assessing the activity of catalysts for
the making and breaking of chemical bonds 40 . Among the
various spectroscopic methods of analysis of the adsorbed
species on the catalyst surface, infra-red has proved the
most useful. Other possible methods for studying the
nature of the adsorbed species, however, are:
Ultra-violet and visible spectroscopy 41
Laser-Raman spectroscopy 42

0

0

High-resolution nuclear magnetic resonance
spectroscopy (43)
0

Electron spin resonance spectroscopy 44 .
Auger Spectroscopy 45 .
C46)
Low energy electron diffraction.
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l6 A Classification of Reteroeou.s CataIys
The catalysts that are responsible for the phenomenon
of heterogeneous catalysis can be divided into two main groups;
metals and non-metals. The former group, usually the metals
of group VIII and group lB in the periodic table 9 are
generally good catalysts for hydrogen addition (hydrogenation)

and hydrogen abstraction (dehydrogenation) (48)_

reactions. The latter group, that of non-metals, is largely
comprised of metal oxides and sulphides, salts and acids.
The non-metal catalysts can be further subdivided into
semi-conductors or insulators; a ramification found upon
electrical conductivity. Semi-conductor catalysts, while
being poor hydrogenation catalysts, are active for oxidationreduction processes 49

0

Examples of such semi-conductor

catalysts are zinc oxide (n-typel and cuprous oxide (p-type).
Insulator catalysts, such as silica-alumina and alumina,
are active for many types of reactions including
polymerisation, isomerisation, cracking, dehydration and
aikylation0 Insulator catalysts have little propensity to
catalyse hydrogenation or oxidation reactions.
A combination of different catalysts can be utilized
to produce a new catalyst whose properties are either an
effective summation of the indigenous individual characteristics
or are unique. Thus platinum dispersed on alumina, for
example, is an effective bifunctional reforming catalyst
in the petroleum industry, combining the isomerisation
(alumina function) and dehydrogenation (platinum function)
of saturated hydrocarbons in the naphtha feedstock.
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1.7

Catalyst Actiy.
Many attempts have been made to correlate the activity

of solid catalysts for heterogeneous catalytic processes
with both the geometrical structure of the solid and the
collective electronic properties of the solid.. While the
former studies are classified as the Geometric Factor, the
latter studies are classified as the Electronic Factor.

17.1 The Geometric Factor
If all the adsorption sites present on the surface
of a solid catalyst were energetically homogeneous, the
activity of the catalyst would be directly proportional to
the surface area exposed to the adsorbate. Catalyst
surfaces, however, are heterogeneous, so that different
amounts of energy are exchanged between each molecule of
the gaseous adsorbate and adsorbent sites. Thus certain
areas of the catalyst surface are more active than others,
the catalysts subsequent activity being dependent on the
way the active sites are distributed over the available
surface area.
The "Multiplet Theory" of Ba1andin 501 related the
activity of a catalyst to spaced groups (mu1tiplets) of atoms
in the lattice that could accommodate the various reactant
molecules and products. Thus, for example, the hydrogenation
of benzene over metal surfaces occurred via the benzene
skeleton lying flat on a crystal face that, in addition to
possessing the necessary interatomic distance values,
displayed octahedral symmetry.
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The "ensemble" theory of KobozevCSl first presented
in 1946, envisaged the cataly.t as a solid consisting of
a well-defined crystalline phase and an amorphous phase'.
Some of the atoms of the amorphous phase formed an ensemble,
which acted as the seat of catalyst activity, with the
crystalline phase acting solely as a support.
The work of Eyring and Sherman (521 and Horiuti. et al (53)
.

related the activation energy for hydrogen adsorption over
carbon and nickel to the respective separation distance of
the carbon or nickel atoms. Twigg and Rideal 541 postulated
that for the hydrogenation of ethylene over nickel the
351 spacings in the metal lattice would be more active
than the 248 spacings, due to the predicted lower heat
of adsorption experienced over the former. Beeck 55
established a relationship between the lattice spacing present
in various metal films and the catalytic activity of these
metal films for ethylene hydrogenation.
The validity of the Geometric Factor has come under
increasing attack from two main sources.. Firstly, observations
from low-energy electron diffraction and electron microscopy
data have shown that the surface atoms of metals can undergo
considerable rearrangement during the actual process of
catalysis. The Pau1ing 56 theory of metals, secondly,
established a direct relationship between the single-bond
radius of atoms and their d-character. It might be that the
Geometric Factor is a limiting case in the more widely
envelop' , ing theory of the Electronic Factor.
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1,72 The Electronic Factor
The Electronic Factor in catalysis is the theory
that the catalytic activity of metals, alloys or semiconductors, is related to the collective electronic
properties of the bulk solid.
In 1949, Bo.udart 57 established a direct relationship
between the catalytic activity of a series of transition
metals (for the hydrogenation of ethylenel and the
percentage d-character of each transition metal. Schwab (58)
demonstrated that the activation energy for the decomposition
of formic acid over a copper catalyst increased when minute
quantities of a foreign trace metal were present; i0e0 the
activation energy increased with increasing electron concen
tration in the catalyst
Dowden and others C59,601 have demonstrated that the
application of the Crystal Field Theory can be employed to
explain the catalytic activity of the oxides of the first
series of the transition metals for the hydrogen-deuterium
exchange (59) and propane dehydrogenation 601 .
The electron theory of

C611
correlated the

adsorption and catalytic phenomena on semiconductors with
the band theory of solids. Wolkenstein 61 related the
strength of chemisorption to the degree of free electron
or free hole participation in the chemisorptive bond. It
is clear, however, that the Electronic Factor employed alone
is an inadequate explanation of catalytic activity. Different
compositions of an iron-cobalt alloy, with a given percentage
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d-character, have different activities for the carbon
monoxide hydrogenation (621

18 The Insulator Catalysts
Insulator catalysts are mainly the oxides and halides
of the lower elements of Groups III, IV and V of the
periodic table. They are distinguished by their ability to
catalyze polymerisation, isomerisation, cracking and
aliylation reactions of hydrocarbons. These reactions are
also catalyzed by strong acids, with the involvement of
carbonium ions as reaction intermediates.. A large amount
C62) suggeststhat an acid mechanism similarly
of evidence
takes place in the insulator catalysts. A major part of
the present study is the comparison of the catalytic activity
of zeolites (crystalline molecular sievesl, with silicaalumina. Zeolites are active catalysts for those reactions
catalyzed by insulators, the reactions functioning primarily
through the catalytic activity of acid sites.
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CHAPTER 2
ZEOLITES
2.1

Introduction
Zeolites are highly crystalline hydrated aluminosilicates

which, upon dehydration, develop a uniform pore structure.
The zeolite structure consists of a three-dimensional framework of SiC 4 and A10

tetrahedra. For each aluminium

tetrahedrcnin the zeolite lattice there is an overall charge
of negative one. The anionic charge of the lattice is
neutralised by the presence of exchangeable cations.
Recent times have seen major changes in the petroleum
industry as a result of the introduction of zeolites as
both cracking and synthetic catalysts. The chemistry of
zeolites can be separated into their synthesis, their
structure and classification, their ion-exchange properties,
their adsorption and diffusion properties, the nature of
their surfaces, and their catalytic applications. This
chapter deals with the synthesis, structural, adsorption,
diffusion and ion exchange aspects of zeolites0 Chapter 3
is concerned with the zeolite surface while Chapter 4
discusses zeolites as heterogeneous catalysts.

22

Historical Per s pective
Zeolites were first recognized in 1756 with the

discovery of stilbite by CronstedtC630 Cronstedt labelled
stilbite as a zeolite due to the minerals capacity to
swell when heated in a blow-pipe flame. (Greek; "zeein" to
boil, "lithos" a stone).
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Following the discovery made in 1845 that certain soils
displayed ion-exchange properties, Eichorn (641 observed that
when the zeolite minerals chabazite and natrolite were in
contact with dilute salt solutions, there occurred the
reversible replacement of sodium and calcium ions in the
zeolites
In 1840, Damour (651 demonstratedthat no change in
zeolite morphology accompanied reversible dehydration This
led to the study of the adsorption of gases by dehydrated
zeolites. In 1909, Grandjean 66 observed the adsorption
of ammonia, air, hydrogen and other molecules by chabazite
Weigel and Steinhoff 67 , in-- further experiments on
dehydrated chabazite, reported the rapid adsorption of
water, methyl alcohol, ethyl alcohol and formic acid,
whereas there was no detectable adsorption of acetone,
ether ..or benzene It was from these experimental findings
that McBain 68 inferred that the pore openings in chabazite
must be less than 5R and therefore applied the term "molecular
sieves" to zeolites; a term employed to emphasize the
selective nature of their adsorption properties
The first apparent synthesis in the laboratory of a
naturally occurring zeolite took place in 1845 with the
synthesis of 1evynite 69
The claimed synthesis (69) of a
0

chabazite-type zeolite by Deville in 1862 was discounted
by Barrer (70), who could not reproduce the results of the
earlier worker. Indeed, a great deal of the early work
on the synthesis of zeolites was unsubstantiated. Barrer 7
was the first author to substantiate a zeolite synthesis with
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supporting X-ray data. The first synthesis of a zeolite
molecular sieve which does not exist as a naturally occurring
mineral was made in 1948 by Milton C721 (Union Carbide
Corporation).
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Mineral Zeolites
Mineral zeolites are natural mineral species occurring

either in an igneous rock or sedimentary environment. It
is believed that phillipsite, a mineral zeolite, is one of
the most abundant mineral species on earth 731

0

Over large

areas of the Pacific Ocean, sediments have been found that
consist of over fifty per cent phillipsite0
Following the discovery of stilbite in 1756 (63), many
authors have reported the occurrence of zeolite minerals
in basaltic igneous rocks. In 1928, Ross C741 speculated
that the analcime present in the Arizona Lake sediments was
formed by the action of saline lake water on volcanic ash.
In 1937 it was proposed (73) that zeolite minerals were
formed during the slow accumulation of sediments in an
alkaline environment. Breck 73 has reported that a
definite zeolitic phase exists as a geological unit of
sedimentation. The well-developed crystals of igneous
zeolites are assumed to have crystallized out from the aqueous
solutions present in the last stages of magmatic activity.
This crystallization occurred in the cavities and fractures
of basalt. The presence of zeolitic material in such
locations rarely exceeds five per cent by volume.

MWM

A study

C751 of the zeolite distribution in the

basaltic deposits of Antrim, Northern Ireland, revealed a
correlation between the lava depth and the type of zeolite
mineral found. This was explained by a certain lava depth
being necessary to permit a sufficient build-up of heat.
As the lava depth increases, however, the zeolites appear
to be replaced by the anhydrous frame-work silicates such
as the feldspars. Typical igneous mineral zeolites are
stilbite, heulandite, analcime, chabazite and mordenite0
The sedimentary deposits of zeolites, on the basis of
their environment of deposition, have been subdivided into
two main groups. In the first group of the saline, alkaline,
non-marine deposits (with a high pH value of about 94), the
zeolites usually form relatively pure beds. In the second
group of the fresh-water and marine deposits, the zeolites
occur as alteration products of volcanic glass in thick
accumulations of small sedimentary rocks, the latter having
been formed from compacted volcanic fragments. Examples of
zeolite minerals that occur in sedimentary rock formations
are analcime, clinoptilolite, phillipsite, erionite,
ferrierite and mordenite0 The chemical composition of
mordenite, indeed, is extremely similar to that of volcanic
glass.
The primary method of identification of the zeolites
that occur as fine-grained crystals in sedimentary rocks is
X-ray diffraction. Problems arise, however, due to differences
that can be obtained in comparing the structure of the same
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zeolite from different sources The mineral zeolites
are colourless unless some finely divided oxides of iron
or other similar impurities are present.
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Synthetic Zeolites
The early attempts to synthesize zeolites in the

laboratory sought to emulate the formation of mineral zeolites
in basaltic rocks. It is extremely difficult, however, to
measure the success of these early zeolite synthesis
experiments due to the degree of doubt surrounding the
method of product identification. It was only the advent of
X-ray powder analysis C761 that allowed the unambiguous
identification of the products of zeolite synthesis attempts.
Early attempts at zeolite synthesis were carried out
at temperatures above 473 !(,with the reaction mixture having
the same composition as the desired product. While the results
from these synthesis experiments were interpreted in terms of
phase equilibrium diagrams, it is known that a lowering of
the temperature will produce different zeolite products in
a metastable phase. The fact that a large number of
synthetic zeolites are not structurally related to a mineral
zeolite suggests that many synthetic zeolites exist in a
non-equilibrium phase, and would not be formed if true
equilibrium conditions existed.
Zeolite crystals are prepared from an aqueous solution
typically containing sodium aluminate, sodium silicate and
sodium hydroxide. Such an aqueous solution produces an
aluminosilicate gel at room temperature due to the
polymerisation of the aluxninate and silicate anions, It is
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likely that the size and structure of the polymerising anions
determines the composition and structure of the aluminosilicate
gel. The gel crystallizes into an ordered structure (in a
closed hydrothermal system at a temperature generally ranging
from 298 K-448 K) by the depolymerisation of its components
The pressure present in the system is the autogenous pressure
resulting from the saturated vapour pressure of water at the
temperature chosen. The depolymerisation of the gel is
caused by the hydroxyl ions that are present in the mixture
as sodium hydroxide. The ease of zeolite crystal formation
is attributed to the high reactivity of the gel, the
concentration of the alkali hydroxide, and to the small
particle size of the solid phases concerned in the synthesis.
The synthesis of the zeolite depends upon the formation
of small crystallite nuclei which undergo growth during the
crystallization period. Such a crystallization process
exhibits an induction effect.
The conditions generally (691 employed in zeolite
synthesis are: (1) Reactive starting materials (e0g0 freshly
coprecipictated gelsi; (21 The use of an alkali metal
hydroxide to introduce a high pH; (31 Low temperature
hydrothermal conditions with concurrent low autogeneous
pressure; (4) A high degree of supersaturation of the
components of the gel.
It has been established (69) that most sodium zeolites
crystallize out from sodium alumino silicate gels at temperatures
below 423

k0

Examples of zeolites produced in this way are
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zeolites A,R,S,X and Y. While zeolite A is of unique
structure, zeolites X and Y are structurally related to
faujasite, zeolite S to gmelinite, and zeolite R to
chabazite
A change of alkali cation in the reactant composition
produces a fundamental change in the nature of the zeolite
species subsequently synthesized. Thus, for example, when
potassium aluminosilicate gels are crystallized at 373 K,
zeolite W is produced 77

0

It is also possible to

crystallize out zeolites at moderate temperatures from an
aluminosilicate gel containing both sodium and potassium
cations; zeolites A and X can both be synthesized in this
way. The synthesis of calcium zeolites has been reported (71)
at temperatures exceeding 498 K. even though calcium aluminosilicate gels do not crystallize readily. While it has
proved possible to synthesize both strontium and barium
zeolites, the hydrothermal treatment of a magnesium aluminosilicate gel has never resulted in the formation of a
magnesium zeolite0
The alkali or alkaline earth cations employed in the
initial reaction mixture for zeolite synthesis can, however,
be replaced by quatenary ammonium ions; in particular the
tetramethyl ammonium (TMA) cation. In nearly every case
the alkyl ammonium base is used together with an alkali
hydroxide to produce a "nitrogenous zeolite 781

0

The

temperature of gel crystallization is usually below 473 K.
Offretite, zeolite omega and ZSM-5 are examples of
nitrogenous zeolites; the former two are synthesized
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using the TMA cation while ZSMo5 is synthesized using
the tetrapropyl ammonium cation. There are no alkyl
ammonium or ammonium zeolites known to exist in a
natural mineral state. The alumino silicate framework
can be modified by the replacement of aluminium and/or
silicon by other elements; notably gallium, germanium
(791 have produced zeolites
and phosphorus. Barrer et al
isostructural with zeolites X,A, and P, from reaction.
mixtures prepared with aqueous solutions of sodium gallate,
sodium germanate and aqueous silica sol0
Although several proposals have been suggested for
the mechanism of zeolite synthesis there does not exist
general acceptance of any one theory. A particular area
of uncertaintity is the nature of the solution precursors that
are present in the gel prior to zeolite crystal formation 80
One mechanistic proposal C81) for the crystallization
of an amorphous aluminosilicate gel is that the aluminate
ion silicate ion polymer is depolymerized by the
hydroxide ions which are present. The resulting soluble
alumino silicate species regroup around the cation, the
latter acting as a synthesis template, to form the ordered
zeolite aluminosilicate structure. The role of the alkyl
ammonium cation as a zeolite synthesis template has
received no little attention. Rol1man 82 has shown that the
presence of cationic quatenary ammonium polymers induced
the formation of large-pore mordenite, whereas the smallpore mordenite resulted from the zeolite being synthesized
in the sodium form.

0

- 42 -

r
The use of the. .quat1ary ammonium cation in zeolite
synthesis has yielded zeolIte products of unusual characteristics The Si0 2 /Al 2 0 3 ratio of Z.SM-5, for example, can be
varied by several orders-of magnitude, the upper limit
including pure silica (i.e. neglecting aluminium impurities) (83)
Flanigen et al (831 havereported that the hydrothermal
crystallization of the pure silica form of ZSM-5 (silIcalite),
in a closed system containing alkyl ammonium cations, is
thought to involve the silica clathration of the
hydrophobic cation, with the alkyl ammonium ion seemingly
enhancing the solubility of silica in water.
ZSM-5 84 is a member of a new class of zeolites with
unique channel dimensions, which differ from the largepore faujasite and the small-pore zeolites such as zeolite A
and erionite0 While ZSM-5 is crystallized from a reaction
mixture composition containing the tetrapropyl ammonium
cation, ZSM-11 and ZSM-12, other members of this new class
of zeolites, are synthepized using the tetrabutyl ammonium
cation and tetraethyl ammonium cation respectively 85
Spencer and Whittarn 86 have reported the synthesis of a
high silica novel zeolite, Fu-1, with an internal pore
structure significantly different from ZSM-50
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The Classification and Structure of ZeoTlites
The fundamental units of a zeolite structure are silicon

and

aluminium atoms tetrahedrally co-ordinated to four

oxygen atoms. The linkage between the tetrahedra is via
the sharing of oxygen atoms to form oxygen bridges.
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The chemical composition of zeolites is generally (87)
written as:

M 21 0 A1 2 0 3

xSiO 2 yff2

0
where the valency of the cation, M, is represented by n, and
y is the number of water molecules. According to
Lowenstein 88 , the A10

tetrahedra are only linked to

SiO 4 tetrahedra, so that the value of x in the zeolite
chemical composition is usually equal to, or greater than,
two. In this way the Si/Al atomic ratio is never less than
one since no Al-a-Al bonding occurs.
The structural formula for a zeolite is expressed (871
in terms of the structural formula for the unit cell as:
Mx/n (AlO 2x
). (SiO 2y
1

0

wH 0
2

In this case, M is the cation of valence n, w is the
number of water molecules, and the sum (x + y) is the
total number of tetrahedra in the unit cell. The part of
the structural formula noted as (AlO2)x(S02)y represents
the composition of the zeolite framework. The replacement
of a silicon atom in the zeolite framework by an aluminium
atom of lower valency produces an excess of negative charge
on the A10 4 tetrahedra, which is compensated for by the
presence of cations (usually alkali or alkaline earth)
within the interstices of the structure.
According to Breck 89 , a classification of zeolite
structures can be obtained by considering the nature of the
common subunit of structure in the zeolite framework. In
this way the known zeolite structures can be classified in
seven distinct groups. The common subunit of structure,
labelled as a Secondary Building Unit by Meier 89 , neglects

- 44 -

the actual distribution of silicon or aluminium atoms )
and deals with the structural relationship between unit
tetrahedra
The two simplest secondary building units are the
ring of four tetrahedra (4-ring) and the ring of six tetrahedra (6-ring). Table 21 indicates the classification of
zeolite structures into seven groups (with examples of
zeolite members of each), each group being based on a
common secondary building unit. The line representations of
the seven secondary building units g iven in Table 21 are
illustrated in Figure 21
The formation of the secondary building units into
chains, layers, or polyhedra, produces the characteristic
framework structures of different zeolites0 Thus, for
example, the structures of zeolites X and Y consist of
polyhedral cages of cubic or near cubic symmetry. The
framework of zeolite X is a simple tetrahedral arrangement
of truncated octahedra (one truncated octahedron contains
6- and 4- membered rings). In each truncated octahedron
there is a silicon or aluminium atom lying at every apex.
The term sodalite cage is often applied to these truncated
octahedra since they are also found in sodalite0 The
sodalite cages are linked together in a tetrahedral manner
by oxygen bridging across two six-rings to produce the
overall zeolite X framework. The tetrahedral joining of
the sodalite cages through a double 4-ring linkage produces
the zeolite A framework 90

0

Figure 22 illustrates the
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Zeolite
.
Group

Secondary Building Unit

Examples

1

Single 4-ring, S4R

Analcime,
Phillips i te

2

Single 6-ring, S6R

Sodalite,
Erionite,
Of fret ite

3

Double 4-ring, D4R

Zeolite A

4

Double 6-ring, D6R

Zeolites X
and Y, Faujasite,
Chabaz ite

5

Complex 4-I, T 50 10

Thomsonite

6

Complex 5-I, T 80 16 unit

Mordenite

7

Complex 4-4-I, T 100 20 unit

Clinoptilolite
Stilbite

Table 21: The classification of zeolite structures into
seven groups based on ccinmn secondary building
units within each group 89
T = (Si,Al)0 4

S4R

S6R

D4R
06R

4-I

5-I

4-4-I

gure 21: The Secondary Building Units found in
Zeoljte framework 89
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gure 2,2: The Structures of Zeolites X(I), A(II), Sodalite (III),
and the Sodalite Cage (IV).

II

I

IV
III
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relationship of the s.odalite cage to the structures of
zeolite X and zeolite A, and indicates how the linking of
the sodalite cages in both zeolites generates a large supercage. In zeolite X the large supercage (amounting to
50 vol. % of the dehydrated crystal) has a free dimension of
about 13, and is connected to other large supercages by
channels formed by distorted twelve-unit rings of a free
diameter of about 8 (see Figure 2.21.The tetrahedral
diamond-type structure of zeolite X supplies a high
stability and rigidity to the zeolite framework. The
supercage of zeolite A has a free diameter of about ll, and
is connected to other large supercages by channels of a free
diameter of about 4, formed from the positioning of the
(Si,Al)0 4 tetrahedra at the apices of a truncated cubooctahedron (see Figure 22)
The physical and chemical properties of dehydrated
zeolites are to a large extent determined by the nature of
the void spaces and the interconnecting channels, Three
types of channel system have been identified in zeolites:
A one-dimensional channel system where no
intersection of the channels occurs. e.g. Analcime0
A two-dimensional channel system where there exists
intersection between two non-equidimensional channels.
e.g. Mordenite0
A three-dimensional channel system. There are two
types of three-dimensional intersecting channels. In the
first type all the channels are equidimensional, regardless
of their direction with respect to the crystallographic

- 48 -

axes; e.g. zeolites X and Y, erionite and zeolite A 9
In the second type, the three intersecting channels are not
equidimensional, since one or two equidimensional channel
systems intersect a smaller second or third channel
respectively e0g0 gmelinite, offretite and ZSM-50

26 The Ion Exchange Properties of Zeolites
The cations that are present in a zéolite to
neutralize the excess negative charge associated with the
A10 4 tetrahedra can be exchanged with other cations. The
effect of cation exchange on the nature of zeolites can be
both characteristic and substantial. Changes in catalytic
activity (91) , adsorption behaviour (92) , zeolite structure (93)
and thermal stability (94) upon cation exchange have all been
reported
A conventional method for the cation exchange of
zeolites involves placing the zeolite in a salt solution
of the cation in question.
The cation exchange properties of zeolites depend on:
(1) The valency of the cation, (2) The size of the anhydrous
and hydrated cation, (31 The concentration of the cation in
solution, (4) The nature of the anion associated with the
cation in solution, (5) The structural characteristics of
the zeolites and (6) The Si0 2 /Al 2 0 3 ratio of the zeolites
(a higher exchange capacity is observed, ceteris paribus,
for zeolites with a lower Si0 2 /Al 2 0 3 ratio).
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The cations present in a zeolita are either associated
with cavity sites or are coordinated with water molecules in
the zeolite channels. The basis of the interpretation of the
variable exchange behaviour of different zeolites is the
structural ion-sieve effect; i0e0 the inability of the
entering cations to reach all the locations initially
occupied by the original cations in the zeolite0 Cation
exchange is often accompanied by both a change in the
lattice dimensions and the thermal stability of zeolites0
Thus upon 20-40% exchange of sodium Y zeolite with Ni 2
cations, a significant reduction in the diameter of the
six-membered rings, with a concurrent decrease in the
thermal stability of the zeolite, was observed 951

0

This

was attributed to the strong polarisation interactions
existing between the divalent cations and the hexagonal
rings.
The exchange of zeolite cations by protons is complicated
by the fact that zeolites generally have a pH in excess of 7
when in aqueous solution. Sodium A zeolite in distilled water,
for example, produces a pH in the range 10-105 Sodium A
zeolite, however, is readily decomposed by a strong acid
(96)
Itis possible, however,
and precipitates a clear gel
to prepare the "hydrogen" form of silica-rich zeolites, such
(981 by treatment with
as mordenite (97) and clinoptilolite
strong acids. An alternative general method for preparing
hydrogen zeolites is by prior exchange with ammonium ions
from an ammonium salt-water solution. Subsequent thermal
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treatment of the arnrnoniuin-exchanged zeolite results in
the liberation of ammonia and the formation of a hydrogen
zeolite In the case of zeolite Y this deainmination process
produces a hydrogen zeolite free of metal cations, while
similar attempts to achieve the complete hydrogen exchange
of zeolites X and A results in structural collapse 96

0

The ion-exchange properties of zeolites have resulted
in their application in many operational processes, Indeed,
one of their first applications was as water softening
agents. While clinoptilolite is employed in the selective
removal of radioactive ions from radioactive waste materials (99)
it has been shown by Breck C1001 thatzeolite F is a capable
remover of ammonia (as ammonium ions) from municipal,
agricultural, and industrial waste-water.

27 Adsorption and Diffusion in Zeolites
Molecular access to the intra zeolite crystalline
environment is limited to those molecules whose molecular
dimensions are less than a certain critical size. The
ability of the zeolite intracrystalline voids to exhibit
catalytic properties is dependent on the reactant and
product molecules having a size and shape that allows
adsorption through the entry pores. The factors that can give
rise to this "molecular sieving" C68) effect, as well as
zeolite adsorption properties in general, are discussed
below.
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Upon removal of water the zeolite is a crystalline
solid permeated by micropores0 Major distortion of the
micropore structure occurs if the dehydration is irreversible.
If the dehydration is reversible (i0e0 the framework
structure of the zeolite is unchanged), the subsequent
adsorption of various substances can occur by the filling
of micropores throughout the zeolite structure. The nature
and extent of the adsorption depends on the equilibrium
pressure, the temperature, the nature of the pores within
the zeolite, the nature of the sorbate, and the type and
charge of the cations present in the zeolite0 Upon exposure
to a gaseous component, a zeolite will experience ready
adsorption until the accessible pore volume is filled. This
type of zeolite activity exhibits a rectangular-shaped
adsorption isotherm. The point corresponding to the void
filling of zeolites is equivalent to the monolayer capacity
illustrated by open surfaces in the Langmuir adsorption
isotherm (25) ; both open surfaces and zeolites display
the rectangular-shaped Type I adsorption isotherm.
The total pore volume of dehydrated zeolites may be
calculated from the amount of adsorbed water (assuming the
water to be present as a normal liquid in the zeolite) by
consideration of the Gurvitsch Rule(101)This calculation
depends on all the pores throughout the dehydrated zeolite
being accessible to the water molecules.
In zeolites possessing more than one type of channel,
or a distribution of intracrystalline cavity sizes, the
volume of the void spaces may be less than the total pore
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volume due to the inaccessibility of the smaller pores to
the adsorbed molecules. Since adsorption and desorption are
completely reversible, zeolite adsorption isotherms do
not exhibit hysteresis.
The polarity of the adsorbate molecule is important;
the strong interactions of molecules ) containing polar
functional groups,with the cations present at the pore
entrances of the zeolite, have been observed to produce a
molecular sieving effect(102)This effect is enhanced
as the Si0 2 /Al 2 0 3 ratio is reduced due to the increasing
cation density.
The effiency of zeolites as molecular sieves can be
increased by lowering the temperature of adsorption. At
higher temperatures the thermal vibrations of the oxygen
atoms in the zeolite structure can produce an increased
pore diameter. Furthermore, the ease of conformation of
molecular adsorbates is greater at higher temperatures.
A hydrocarbon molecule occluded within a zeolite
cavity possesses considerable freedom of movement within
that cavity since the region is one of low potential. As
soon as the hydrocarbon molecule passes through a window
between adjacent cavities, or passes through a channel of
limiting dimensions, the freedom of movement of the
molecule can be restrained both by a steric barrier and/or
an energy barrier due to repulsive forces. When this occurs
the passage of the molecule through the intracrystalline
regions of the zeolite is limited by diffusion.
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Most of the studies concerning diffusion in zeolites
have been carried out on the small pore (4-51 molecular
sieves The value of the diffusion coefficients for
diffusion of non-polar molecules such as propane and
n-butane through the intracrystalline regions of zeolites
-12 -10-14
2 -1
are in the range 10
cm sec at temperatures of
293-473 K. These values are small compared to the
-1
typical values of 10 -3 -10-4 cm2sec
found for the same
adsorbates over commercial silica-alumina, Weisz et al C1041
have reported that the effective diffusivity of n-hexane at
-1 . The
523-813 K over offretite was less than -9
10 cm2 sec
authors reported that the observed reaction rate was
considerably lower than the intrinsic reaction rate.
The diffusion of molecules in zeolites is strongly
dependent on the properties of the molecules, the size
and shape of the intracrystalline pores, and the pressure
and the temperature. Since diffusion is an activiated
process it increases with temperature.
Within the dehydrated zeolite the adsorbed molecules
-can diffuse through either three-dimensional, two-dimensional
or one-dimensional channels, depending on the zeolite
structure. The ease of molecular diffusion is greater for
those zeolites possessing a three-dimensional structure than
it is for those with a one-dimensional structure. The ease
of molecular diffusion throughout the zeolite depends on
the size and shape of the rings that make up the dimensions
of the channels. Barrer and Gibbons

051 have observed an

appreciable energy of activation for the passage of ammonia
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through the six-rings of a faujasite zeolite, Due to
the puckering of the primary tetrahedral units, rings with
the same number of atoms do not necessarily have the
same dimensions. This ring distortion, for example, exists
in the erionite structure 106

0

The cations present in the crystalline structure have
a large effect on the size and shape of the entry pores of
zeolites0 The phenomenon of cation migration, to channel
intersections or alto channel walls, upon zeolite
dehydration, offers a large inhibition to the diffusion of
many molecules.
The effect of ion-exchange on the adsorptive capacity
of zeolites is pronounced. In zeolite A, for example, the
presence of divalent ions does not affect the aperture size,
while exchange with a larger univalent cation restricts the
aperture s i ze (107)Th e molecular sieve characteristics of
mordenite U081 are changed as the nature of the exchangeable
cation is varied(109)o Aiello et al

01 have shown that

the adsorption capacity of the synthetic offretite-type zeolite
increases as the large tetramethyl ammonium cations are
exchanged with smaller potassium cations.
Barrer and others

(111,112) have postulated that as

the Si0 2 /Al 2 0 3 ratio of a zeolite increases a given ring
size could be expected to decrease, since Si-0 bonds are
slightly shorter than Al-0 bonds.
An adsorbate molecule can enter the intracrystalline
channels and voids of a zeolite only if the critical
dimensions of the molecule allow it to do so. Barrer and
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Rees

C1131 have reported that the diffusion coefficients for

the diffusion of hydrogen, oxygen, nitrogen, argon and
ethane, through given cationic forms of chabazite and
mordenite, decrease with increasing molecular adsorbate
diameter.
Once the adsorbate molecules are occluded within the
internal pores of the zeolite, Barrer

41 believes that

they are unlikely to be removed from a situation of close
proximity to the channel walls. Thus the diffusion of the
adsorbed molecules in these regions can be considered to
be of the Knudsen-type (103)
The dimensions of the adsorbate
molecules that have been employed to assess the limiting
size of the channels in zeolites were originally based on the
equilibrium diameter (,r 0 ). of the molecules concernedU 15

)

o

In 1959, however, Kington and Maclad 61 reported the
necessary replacement of the equilibrium diameter with the
kinetic (or collision), diameter, in order to establish
consistency between the chabazite structure and its adsorption'
characteristics. The kinetic diameter

is defined as

the intermolecular distance of closest approach for two
molecules colliding with zero initial kinetic energy
a

r
= 0
2 1 '6

In the case of longer and more complex adsorbate
molecules, such as the n-alkanes and the n-butenes, the
critical diameter is the diameter of the smallest cylinder
which can encompass the molecule when it is in its most
favourable conformation. The van der Waals radii of the
hydrogen atoms must also be included in this theoretical cylinder
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28

Zeolite Water
Dzhigit et al

(1171 havereported that the interaction

of water with zeolites is complicated by the presence of
exchangeable cations, framework oxygens, varying size
cavities and previously adsorbed water molecules. Information
on the state of water molecules in hydrated zeolites, as
supplied by nuclear magnetic resonance (NMRL data U ]8 ,
shows that water molecules situated in the larger zeolite
cavities do not occupy definite lattice sites, since the
same N.M.R. pattern as that obtained from study of the
isolated liquid is achieved. In zeolites possessing
smaller cavities, however, the water molecules are
coordinatively bound to the exchangeable cations,
The water present in most zeolites can be removed
by heating and/or evacuation. The dehydration of zeolites
containing monovalent cations occurs more readily than the
dehydration of mulivalent cation zeolites since the
bonding involved in the hydrated complex of the former is
weaker.
Infra-red studies C1191 ofwater in zeolites ha'
revealed two frequencies characteristic of the bonding
of water molecules to either the zeolite framework or to
the exchangeable cations; (1) Isolated hydroxyl stretching
-1
at 3700 cm due to the ion-dipole interaction of the
water hydroxyl with the cation, and (21 The characteristic
broad band of hydrogen-bonded hydroxyl at 3400 cm 1 , due to
the hydrogen bonding of a water molecule to a framework
oxygen.
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Flanigenet_ai 83 have reported that silicalite
(the aluminium free analogue of ZSM5 841 1, in contrast to
hydrophilic aluininosilicates such as the faujasites, was
hydrophobic and organophilic, selectively adsorbing organic
molecules in the presence of water. The authors reported
that in the absence of the surface sites that lend to a
hydrophilic characteristic, (i0e0 through hydrogenbonding or polar interactions with the adsorbate water
moleculel the zeolite surface becomes hydrophobic.
In 1958, Young C120)- reportedthat upon the interaction
of water vapour with silica surfaces, the water vapour
physically adsorbed only on the surface silanol (Si-0HL
sites, and that the Si-0-Si bonds of the dehydrated
silanol sites were hydrophobic.
Chen C121) has reported a direct relationship of the
water adsorption behaviour in zeolites with the presence of
tetrahedrally coordinated aluminium sites and their
associated cations. Chen observed that as a series of
mordenite samples were progressively dealuminated, the level
of water adsorption decreased until there was little or
no adsorption at a Si0 2 /Al 2 0 3 ratio greater than eighty,
Chen thus concluded that highly siliceous zeolites were
truly hydrophobic, and, furthermore, the extent of water
coordination to any aluminium sites present depended on
the zeolites having a sufficient pore volume to accommodate
the water molecules,
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2 9

ZeoliteStbi
The degree of thermal stability of a zeolite has been

associated with the prevalence of five-membered rings
contained in the structural framework 96 . Mordenite
(Group Six), for example, exhibits no change of structure
at temperatures as high as 1073 K. A further characteristic
that contributes to the thermal stability of a zeolite is
a low charge density (i0e0 high Si0 2 /Al 2 0 3 ratiol,,
Since zeolites are metastable products arising from
the crystallization of an aluminosilicate gel under
hydrothermal conditions (see section 241, it is possible
for them to transform to other crystalline species under
chosen conditions. Thus sodium X and A zeolites, in the
presence of water at elevated temperatures, are converted
into an analcie-type zeolite0 Zeolites of higher Si0 2 /Al 20 3
ratio are more stable to this treatment.
The Si0 2 /Al 2 0 3 ratio of the Group Six and Group Seven
zeolites can be increased by treating the zeolites with strong
acids so as to remove aluminium atoms from their tetrahedral positions (see section 2.61.In 1967, however,
McDaniel and Maher U221 prepared a highly stable form of
zeolite Y, the framework structure being retained at
temperatures in excess of 1273 K. This "ultrastable"
zeolite was more stable than the normal hydrogen Y zeo iit e (123
Kerr (123-126) has reported the synthesis of a highly stable
faujasite which exhibited similar properties to the
"ultrastable" faujasite of McDaniel and M aher U 22 l,,
Kerr (123-126) has attributed the stability of this faujasite

)

o
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to the dealumination that occurred during ca1cination.
In the mechanism for the proposed dealumination process
Kerr has attributed the removal of aluminium from the
faujasite lattice to the chemical water present In the
zeolite throughout calcination. The resulting hydrolysis,
of some of the Si-O-Al bonds to Si-O-H bonds, yielded
an aluminium deficient species characterized by a pronounced
contraction in its unit cell dimensions The aluminium
removed from the zeolite lattice was present as a cationic
species of average charge +1.5, (i,e0 indicating the
presence of both. AlCOE1 and AlCOH121 About 80-90% of
this cationic aluminium was exchanged by sodium ions upon
treatment with sodium hydroxide solution C123),
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CHAPTER 3

THE ZEOLITE SURFACE

3,1

Introduction
Zeolites are considered to be acid catalysts since

they catalyze mainly carbonium-ion type reactions,, The
acid sites are responsible for the variety of reactions in
which zeolites can act as effective catalysts, Both
Braristedacid sites (127) and Lewis acid sites C1281 are
found in zeolites, the former being protons attached to
lattice oxygen atoms, while the latter are typically
associated with electron deficient species in the zeolite
(i0e0 trigonal aluminium atoms, charge compensating cations
or extra-lattice cationic species of aluinIniuxnl.
A zeolite, as a crystalline catalyst of the insulator
type, has the ability to convert an adsorbed basic molecule
into its conjugate acid form. The acid sites of zeolites
are either capable of transferring a proton from the
solid (Bronsted acid sitel to the adsorbed molecule, or
acting as the acceptor of electrons from the adsorbed
molecule (Lewis acid site)

The Bronsted acid sites in

zeolites are the surface hydroxyl groups, while the Lewis
acid sites are most commonly those resulting from the
dehydroxylation of the same surface hydroxyl groups. The
experimental techniques required to investigate the zeolite
surface must therefore contain the potential to analyze
for surface hydroxyl groups,. Infra-red spectroscopy (I,,R,j
provides useful information on the surface properties of
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zeolites, and how they are affected by reaction conditions
and catalyst pretreatment.
(1301 are but two of several
Yates (1291 and Ward
authors who have produced extensive reviews on the study of
zeolites by I.R. Most of the I.R. studies on zeolites
have been carried out on the large-pore faujasites0 The
potential information that can be obtained from an I.R.
study of zeolites, concerning both isolated structure and
zeolite-adsorbate interactions, is given below.
(11 The framework type of the zeolite, the location
and types of cations present, the response of the zeolite
to thermal treatment, and the nature of the surface
structural groups that are source of the catalytic activity
of zeolites0
(21 The identity of the adsorbed species on the
zeolite, and the nature of the zeolite-adsorbate interactions
with respect to time, temperature and pressure. I.R. can
yield important information when the course of a catalytic
reaction on the zeolite surface is monitored.
While I.R. is perhaps the optimal method for
investigating the zeolite surface, there are many other
experimental methods of analysis of the zeolite surface,
including the use of indicators, gas chromotography and
nuclear magnetic resonance spectroscopy.

32

Infra-Red Studies of Zeolite Surfaces
The I.R. study of the surface properties of zeolites is

made possible by the interaction of the radiation in the
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infra-red with the dipole moments of the hydroxyl groups
on the zeolite surface; or with the dipole moment of
an adsorbed molecule on the zeolite surface.

3.2.1

The Thermal Treatment of' Z'eoli'te' Surf'aces
Uytterhoeven et al (131) have studied the deammination

and dehydroxylation of ammonium-exchanged X and Y zeolites,
and reported the formation of structural hydroxyl groups
with frequencies in the infrared near 3740, 3660 and
3570 cm- 1. The band intensities were found to decrease
upon heating the zeolite samples to higher temperatures.
The hydroxyl bands formed from the deainmination process
were eliminated when the zeolite samples were treated with
ammonia. Figure 31 illustrates the proposed (1311 mechanism
to explain how the deanmtination of ammonium-exchanged
zeolites produced zeolite structural hydroxyl groups that,
at higher thermal treatments, were dehydroxylated to
produce trigonal aluminium atoms. Hughes and White 132 ,
and Ward (133). have observed the variation of the intensities
of the zeolite surface hydroxyl groups in the infra-red, as
a function of temperature during the thermal treatment of
ammonium-exchanged Y zeolites0 The authors have reported
that the hydroxyl group concentration reached a maximum at
a pretreatment temperature of about 673 K, and decreased
thereafter to only a very low concentration at 973 K.
The characteristic behaviour of each of the three hydroxyl
group bonds in the infra-red, as a function of the ammonium-
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exchanged Y zeolite pretreatment temperature is
illustrated in Figure 32

3540 cm- 1 band
40

3643 cm band
3742 cm- 1 band

30

20

10

0

473 573 673 773 873 973 10731173 1273
Temperature/K

'4,gure 32: Intensity of Structural hydroxyl group bands of
ammonium-exchanged Y zeolite as a function of
temperature (133)
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While there has been much debate concerning the nature of the
hydroxyl groups that give rise to the bands near 3660 cm
and 3570 cm 1 , the 3740 cm- 1 band is assigned C1301 either to
silanol groups terminating the zeolite structure or to the
presence of occluded siliceous impurities in the zeo1ite.
The rapid but snail rise in the concentration of the 3740 cm hydroxyl groups at a calcination temperature in excess of
773 K (see Figure 321 probably reflects zeolite structural
breakdown into amorphous silica or silica-alumina.
White et al (1341 suggested that the infra-red band
obtained near 3660 cm -1 represented hydroxyl groups in
the super cages of the Y zeolite, while the band near
3570 cm- 1 represented hydroxyl groups in the sodalite cages.
Eberly

35 , however, attributed the band near 3570 cm- 1

to the presence of hydroxyl groups in the hexagonal prisms
of the zeolite0 The fact that the adsorption of pyridine by
the faujasites removed the hydroxyl band near 3570 cm 1 , even
though the pyridine molecules could not enter the hexagonal
prisms, has been attributed by Ward (1361 and Freude et al (137)
to proton mobility induced by the strong base. Best et al (138)
have studied the surface hydroxyl groups of an ammonium-exchanged
erionite zeolite using the I.R. technique already discussed
for the faujasites0 They observed that the removal of the
ammonium bands at 873 K was matched by the concurrent
formation of three hydroxyl groups at 3745, 3612 and 3565 cm- 1
At 973 K most of the surface hydroxyls had been removed by
zeolite dehydroxylation. Since the adsorption of propene
by the erionite sample interacted with the 3612 cm- 1 bond,
while no such molecular adsorbate interaction occurred with
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the 3565 cm-

1

bond, the authors concluded that the 3612 cm- 1

hydroxyl groups were situated in the larger zeolite cavities. tJytterhoeven et al C1391 have reported a similar study
on the concentration of the surface hydroxyl groups of
ammonium-exchanged clinoptilolite as a function of the
zeolite pretreatment temperature. At the higher pretreatment temperatures, two main hydroxyl bands were observed;
3740 and 3620 cm 1

0

The 3620 cm 1 band went through a

maximum at 673 K and fell to zero at 923 K.
These results suggest that the deammination and
dehydroxylation of ammonium-erionite and clinoptilolite
closely parallel the process taking place on the ammonium
Y zeolite (133)
0

At pretreatment temperatures up to 1073 K, Ward C1401
has observed that the sum of the hydroxyl group concentration
plus twice the Lewis acid site (trigonal aluminium atom)
concentration remained constant for a magnesium hydrogen Y
zeolite0
Eberly et al (141) have reported on the characteristics
of the surface hydroxyl groups of hydrogen mordenite upon
dealumination of the zeolite0 While the mordenite sample
of highest aluminium content, (Si0 2 /Al 2 0 3 = 12) was
characterized by hydroxyl bands at 3740 cm and 3590 cm- 1

.1

a leached sample (Si0 2 /Al 2 0 3 = 66) was characterized by only
a single hydroxyl group at 3740 cm- 1. This observation
indicated that the surface hydroxyls in zeolites appeared to
be correlated with the presence of aluminium atoms in the
lattice.
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Ward U301 has reported evidence for a further hydroxyl
band in mordenite to give bands at 3740 3650 and 3610 cm 1
1
in the infra-red. The 3610 cm- bands represented hydroxyl
groups in the main channels of the zeolite while the
3650 cm- 1 bands represented hydroxyl groups in the side
channels of the zeolite0 Only the concentration of the
hydroxyl groups in the main channels of hydrogen mordenite
appeared to vary with the calcination temperature in the
manner observed for the faujasites 2 erionite and clinoptilolite0
Wu et al C142) have demonstrated that the calcination
at 623 K of Y zeolites containing the TMA cation produced
similar hydroxyl groups in the infra-red to those occurring
from the thermal decomposition of the ammonium Y zeolite0
1
The 3637 cm- hydroxyl band was considered to originate
from the TMA cations located in the supercages since the
3550 cm- 1 hydroxyl band was apparent prior to significant
TMA decomposition. A further report has suggested that the
calcination of TMA-offretite produced surface hydroxyl
groups via intermediate methoxy species on the zeolite
surface (143)

3 2 2 Proton Mobility in Zeolites
.

.

The interaction of the 3550 cm-

1 hydroxyl groups

located in the hexagonal prisms of the faujasite structure
with pyridine (see section 3211, even though the pyridine
molecules were not accessible to those crystalline regions,
has led some authors 036 j3 1371 to suggest the possibility of
proton mobility at higher temperatures across the zeolite
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surface. The use of infra-red spectroscopy to detect proton
mobility in zeolites is limited, however, since the intensity
changes attributable to increased proton mobility as the
temperature -is raised can also be associated with the
increased thermal vibrations of the zeolite l atti ce (144) o.
The concurrent decrease in hydroxyl band frequency as the'
temperature was raised was associated with the greater
interaction between the hydroxyl group and the adjacent
aluminium atom. This interaction is depicted in Figure 33
The breaking of the 0-H bond resulted in the proton moving
from one oxygen atom to another thus giving a very short
life time to each hydroxyl group &l0 s eco iU 45) o

H
0
Al

-N /0 +T
Si

0

\
Al

N/
Si

0 / \00

Fig ure 33: Proton Mobility across the zeolite surface

While infra-red spectroscopy in itself is not a
conclusive technique for establishing the existence of
proton mobility in zeolites, the comparison of the data
obtained with results from nuclear magnetic resonance
studies 137 , supports the belief that proton mobility
occurs on zeolite surfaces,
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302 0 3Tntractio of: ZeoliteSur faceS With Water
While there has been a great deal of study of the
interaction of water molecules with the cations present
in a zeolite, there are not many reports of the influence
of water solely on zeolite hydroxyl groups.
(146) reported that the
In 1966 8 Liengme and Hall
1
3640 cm-1 and 3540 cm- hydroxyl bands of decationized
X and Ytype zeolites could be restored by the addition of
water at temperatures not greater than 573 K. Hughes
and White (132), in studying the effect of water on ammonium
Y zeolites previously calcined at 873 K, found that the
1
intensity of the 3650 cm- hydroxyl band did not increase.
47 have reported the formation of a
sharp hydroxyl band at 3695 cm- 1 when ammonium X zeolite was

Uytterhoeven et a1

rehydrated after pretreatment at 763 K. The ability of
water to reform the characteristic hydroxyl bands of
thermally treated zeolites depends on the pretreatment
temperature. This is due to the structural change that
accompanies elevated dehydration temperatures (see section
3.2.1).
The 3650 cm-

1

and 3540 cm-

1 hydroxyl bands present in

the magnesium, calcium and strontium X and Y zeolites are the
same as those observed for the decationized zeolites0 These
hydroxyl groups have been reported by Ward U48,1491 to have
arisen from the associated electrostatic field caused by the
localisation of the divalent cation during zeolite
dehydration. This electrostatic field induced the dissociation
of the coordinated water molecule to produce a M(OH1+ species

7o-

and a surface hydroxyl group. This process is depicted
in Figure 34
M2+ (H20)
0\
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2e°
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Figure 34: The localisation of a divalent cation to
produce surface hydroxyl groups on the zeolite
surface 148,149)
The M(OH) species formed by the process depicted in
Figure 34 has an infra-red frequency (3570 3600 cm 1

)0

This frequency increased with decreasing cation size (due
to the stronger electrostatic fields of the smaller
cation) (150), and disappeared on mild hydration with the
+
possible formation of M - 0 - M+ groups (147-149)
0

3 2 4
.

.

Interaction of Zeolite Surfaces: with Adsorbate
Molecules
The specific interaction of alkenes with the hydroxyl

groups on the zeolite surface has been reported by Eberly
-1
who observed a decrease in the intensity of the 3650 cm
hydroxyl band of Y zeolite as hex-1ene was added at
360 K. The hydroxyl band was restored upon removal of the

35 ,
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alkene0 Upon heating the zeolite surface containing the
adsorbed alkene at 423 K, the polymerisation and
dehydrogenation of the alkene was observed by the appearance
of the 1600 cm band in the infra-red. This band was
indicative of alkene groups in conjugated polyenes0 The
1
shifting of the 1600 cm- band at higher temperatures (533 K)
indicated the formation of aromatic ring structures on
the surface. Liengme and Hall (146) have reported the
reversible interaction of both ethene and propene with the
3650 cm- 1 hydroxyl band of a decationised Y zeolite
pretreated at 753 K.
The monitoring of the infrared results for the
adsorption of basic molecules such as ammonia and pyridine,
by zeolites, has been employed to characterize and quantify
the types of acid sites present on the zeolite surface under
different treatment or reaction conditions. This arises from the fact that basic molecules interact with Bronsted
and Lewis acid sites to give different species that are
detectable and differentiable by infra-red analysis.
The adsorption of ammonia and pyridine on the Bronsted
acid sites of a zeolite surface give the ammonium and
pyridinium ions, with the characteristic infra-red frequencies
of 1475 and 1545 cm respectively. The adsorption of these
same molecules on the Lewis acid sites of the zeolite surface
produces coordinatively bound ammonia and pyridine molecules
with respective characteristic infra-red frequencies of
1.
1630 and 1450 cmIn addition to these two types of
bonding, further base molecule interaction with the zeolite
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surface can either occur by hydrogen bonding, or by
interactions with the cation present. The type of interaction actually present can be distinguished by the
existence of a characteristic infrared frequency for
molecular adsorption on the cations, and by the ease of
removal of the adsorbed species (i0e0 the hydrogen bonding
War dU 481 has reported
interaction is relatively weak).
1
that the 3650 cm- hydroxyl bond of alkaline earth Y zeolite

interacted strongly with chemisorbed pyridine to give a
1 bond characteristic Of the pyridinium ion. The
1
intensity of the 1545 cm- bond increased with decreasing

1545 cm-

cation radius. Upon increasing the zeolite pretreatment
temperature to 923 K, the infra-red analysis of pyridine
adsorption indicated that, as the Bronsted acidity of the
zeolite decreased, there occurred a simultaneous increase
in its Lewis acidity; as shown by the coordinatively bonded
1. This conversion of Bronsted
pyridine band at 1450 cmacidity to Lewis acidity was explained by the dehydroxylation
process depicted in Figure 31 Uytterhoeven 'et
have arrived at similar conclusions using ammonia as the
adsorbate molecule.
In 1970, Ward (151) reported that divalent x zeolites
contained less Bronsted acidity than the comparable Y zeolites0
This was attributed to the fact that, since the spacing
between the aluminium atoms in the X zeolite was lower
(due to the lower Si0 2 /Al 2 0 3 ratio), the associated
electrostatic field was lower. Consequently, the formation
of the Bronsted acid hydroyl groups, by the process depicted
F.
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in Figure 34, occurred to a greater extent on the Y
zeolite than on the X zeolite0 Jacobs and Uytterhoeven L1521
have observed that the frequency of the 3650 cm hydroxyl
band of sodium hydrogen Y zeolites decreased with an
increasing Si0 2 /A1 2 0 3 ratio; thus indicating the
enhanced acidity of the Bronsted acid sites. The acidity
of u1trastab1e" Y zeolite (see section 2.91 has been
investigated by Jacobs and Uytterhoeven

53 , who observed

a decrease in acidity of the zeolite upon the adsorption
of pyridine and ammonia. - Both Bronsted acidity and Lewis
acidity were detected at a zeolite pretreatment temperature
of 723 K. Ward C130) has shown that the effect of removing
aluminium from the zeolite lattice was to substantially
increase the strength of both Lewis and Bronsted acid
sites even though their number was reduced.
In 1968, Cannings

54 reported that hydrogen mordenite,

pretreated at a temperature range between 373 and 873 K,
displayed both Bronsted and Lewis acidity; with the former
not being detected at a zeolite pretreatment temperature
greater than 873 K. The appearance of Lewis acidity was
detected at 573 K and increased, at the expense of Bronsted
acidity, with increasing zeolite pretreatment temperature.

3.2.5 The Zeolite Surface during Catalytic Re'&ction
Infrared spectroscopy can be applied to elucidate
the manner in which the zeolite surface structural groups
function as the active sites responsible for a reaction
catalyzed by zeolites0 Two typical methods of analysis are:
(1) The observation of the zeolite surface during the
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catalytic reaction itself; (21 The interaction of the
reactant molecule(s), with the zeolite surface under
various chosen conditions. The changes observed on the
zeolite surface in the presence of the reactant molecule(s).,
correlated with the activity observed during the catalytic
reaction, allow for a deeper understanding of the nature
and mechanism of the catalytic reaction over the zeolite0
Ward (155) has observed, while studying the cracking
of isopropyl benzene (cumene) over a decationized Y zeolite,
1
that the degree of interaction of the 3640 cm- hydroxyl
band with the cuxnene molecules was proportional to the
level of catalytic activity. This indicated that the
cracking of cumene was possible occurring by a proton
transfer mechanism. Jacobs . 'et 'al 1561 have reported that
as the pretreatment temperature of an ammonium Y zeolite
was raised, the number of pyridine molecules needed to
suppress the activity of the zeolite for the cracking of
cumene parallelled the number of Bronsted acid sites
at each pretreatment temperature. At a pretreatment
temperature of 923 K and above, however, the number of
pyridine molecules needed to suppress the reaction was
greater than the number of Bronsted acid sites on the
zeolite surface. Thus a further mechanism, not involving
the zeolite surface hydroxyl groups, must be in operation.
Other infra-red studies correlating the zeolite surface
with the catalytic activity of the zeolite are discussed
in Section 53 of this study, with particular reference
to the nbutene isomerisation0
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• 3 ,3

eoIit°e &irfaceDehydroxylation: The Formation of
Eletrøn Dfcient: pcies
Although the proposed existence of the tricoordinated

silicon atom bearing a positive charge s, formed during the
dehydroxylation of the zeolite surface (see Figure 31)
has never been proved directly, Zhdanov and Kotov 157 have
established the presence Of electron-deficient sites by
forming the silicon cation radical upon the adsorption of
NNdimethy1 aniline.
There exists the possibility that extra-lattice
electron deficient aluminium species are formed in cationic
positions during dehydroxylation (123 158)

0

X-ray

fluorescence data indicates that the aluminium atoms are
hexa coordinated in stab1ised hydrogen Y zeolite; no tri
coordinated aluminium was observed in any sample 158459

0

Further evidence for the existence of the extra-lattice
electron deficient species of aluminium has arisen from
the fact that upon the adsorption of water on samples of
dehydroxylated faujasite mordenite and clinoptilolite ç
the hydrogen forms of the zeolites were not reformed. This
suggested a stabilisation of the aluminium outside the
(159) has advanced the
lattice structure(159)0 Jacobs
hypothesis that effective dealumination at higher zeolite
pretreatment temperatures results from the hydrolytic
action of H30+ species in the same way as that proposed
by Kerr (123-126) for the formation of ultrastable I
zeolite (see Section 29)

- 76 Barrer and KlinowskiU6Ol have reported that hydronium
mordenite could be fully reconverted to the sodium form s
whereas a hydronium mordenite derived from an ammonium
exchanged (hydrogerij mordenite only exhibited 70% exchange.
This loss of exchange activity of the thermally treated (723 K)
mordenite sample was assummed to have arisen because of the
gradual loss of aluminium from the zeolite framework during
dehydroxylation0 The aluminium removed from the zeolite
framework was recorded to form such species as A100H g
A10 9 A10H2 and Al 3

0

Hughes and White

321 indeed

have reported that the exposure of dehydrated Y zeolite
to water converted some of the Lewis acid sites back to
Bronsted acid sites, but not necessarily to the original
hydroxyl groups.
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CHAPTER 4
PartT;'ZEOLITES AS CATALYSTS

40 I Introduction
The ability of zeolites to catalytically transform
hydrocarbons has been the subject of extensive rev iews (161163) o
(164) reported that the large production of
In 1973, Weisz
scientific papers concerning zeolites since 1958, has only
slightly preceded the inelastic demand of the refining
industry to replace the commercial silica-alumina (SiO 2 Al 2 O 3 )
cracking catalyst (163)- (employed for the cracking of heavy
petroleum hydrocarbons) by the crystalline aluminosilicates0
In 1971 9 Eastwood'et_ai

66 reported that the introduction

of zeolites to petroleum refining had resulted, due to
better selectivity, in the conservation of about two
hundred million barrels of crude oil per year

($250$350 million

per year).
Turkevich 16 has put forward two reasons for the
current interest in zeolites as heterogeneous catalysts.
In having, ceteris paribus, a constant pore size, zeolites
exert a selective action on the substrate type that can
enter a pore and thus have access to an active site present
on the internal surface. The nature of the active site,
secondly, can be identified with the specific characteristics
of the zeolite surface (see Chapter 3)0 Thus the knowledge
of the zeolite structure gained from X-ray and other
spectroscopic data bears a direct application to studies
aiming to define the local structure of catalytically active
sites.
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Poutsma C1671 has reported that the mechanism for a
particular hydrocarbon transformation over a given zeolite
catalyst must include the atomic structure of the zeolite
active site, the atomic structure of all the adsorbed
hydrocarbon intermediates, and the interactions that take
place (e0g0 proton transfer) at the active site.
Weisz et 'al 1041 have reported the comparison of zeolites
with commercial SiO 2 Al 2 O 3 for the cracking of nhexane0
Given that the activity of the highly active SiO 2 Al 2 O 3
catalyst is termed alpha, the activity of rare-earthed
exchanged faujasite and ammonium exchanged offretite
was in excess of ten thousand alpha. Eastwood etal

66

have indicated that many similarities exist for the
nhexane cracking reaction pattern found over commercial
SiO 2 Al 2 O 3 and zeolites0 The common activation energy of
about 126 kJ mol 1 strongly implies the same rate determining
step and reaction mechanism over both types of catalyst.
Ward and Hansford

68 have reported that the observed

enhancement of activity for the zeolites with respect
to SiO 2 Al 2 O 3 is due to the greater number of acid sites
in the former. Rabo et al C169) have suggested that the
high catalytic activity of zeolites results from the strong
polar environment of the zeolite surface caused by the
presence of zeolitic cations and the crystal field of the
anionic crystal lattice, which cause a strong polarizing
interaction between the zeolite crystal and the adsorbed
molecule. This results in the stabilisation of ionic
species (with a strong ionizing influence upon adsorbed
molecules and reaction intermediatesL and a high concentration
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of reactant molecules within, the zeolite crystal thereby
producing an enhancement in the reaction rate.
Weisz (1641 has suggested that the differences in
gasoline composition produced by the cracking of gas oil
over Si0 2 Al 2 0 3 and hydrogen Y zeolite, with the zeolite
producing far more paraffins and aromatics, can be explained
by the occurrence of the following overall hydrogen
redistribution reaction in the zeolites:
Olef ins + Naphthenes

Paraffins + Aromatics

Thus the catalytic action of the zeolite favours bimolecular
hydrogen transfer steps over unimolecular fragmentation
reaction steps. The ability of zeolites to produce a
higher octane gasoline than SiO 2 Al 2 0 3 is due to the
ability of the zeolites to concentrate hydrocarbon reactant
molecules to a greater extent, thus increasing the

-

probability of the occurrence of hydrogen transfer (164,169)
Thomas and Barmby (170) have proposed that the initial
gas oil cracking reaction occurs on the external surface
of the zeolites, due to the diffusional limitations imposed
on these larger molecules by the zeolite pore structure.
The secondary hydrogen transfer process occurs within the
smaller pores. In the case of Si0 2 -Al 2 O 3 , however, the
olefins and the naphthenesnust compete with the large
gas oil molecules for the acid sites at all stages of the
cracking process.
Venuto and Landis C162) have highlighted a large
number of important organic reactions in which zeolites can

:1

act as catalysts. Some typical hydrocarbon transformations
over zeolites are given below.

4. 2.1

Cracking"R e a'c'tions over....eoIites
Cracking reactions are CC bond ruptures that can

be considered as either dealkylation or depolymerisation
reactions. Non-catalytic thermal cracking proceeds by a
radical chain mechanism propal9ated via abstraction of hydrogen
from the substrate molecule by a small radical species formed
during the initiation step. Catalytic cracking involves
the generation of a carbonium ion from the substrate
molecule by interaction of the molecule with the active
sites of the catalyst surface. The most commonly reported
investigations of the catalytic cracking ability of zeolites
have concerned the cracking of paraffin and alkyl aromatic
hydrocarbons.
Benesi (171) has shown that the nalkane cracking
activity of hydrogen mordenite closely parallelled the
concentration of Bronsted acid sites present on the zeolite
surface. Further evidence for the participation of
surface hydroxyl groups in the cracking of n-butane was
that the adsorption of water o: i a hydrogen mcrdenite pre
treated at 1073 K restored the original catalyst cracking
activity. Ward (133) has confirmed the correlation between
catalyst cracking activity and Bronsted acid site
concentration. Aldridge et ai(172), indeed have observed
that the 3600

hydroxyl band of rare-earth exchanged X

zeolite disappeared during the initial stages of the

- 81 -

cracking of nhexane The authors have reported that upon
disappearance of the hydroxyl band, the C 3 to C 1 product
ratio was observed to decrease, thus indicating a change
from a carbonium ion type mechanism to one of radical
type character. Indeed, for a completely exchanged
lanthanum X zeolite, dehydroxylated through pretreatment
at temperatures greater than 800 K, only a radical type
mechanism was reported to have occurred

72

The effect

of zeolite pretreatment temperature on the formation of
the C 3 products of n-hexane cracking closely followed the
profile expected for the Bronsted acid site concentration
(see Figure 32)

4 2 2 Alkene Forming Eliminations over ZeolItes and
.

.

Related Reactions
The dehydration of C 1 -C 6 alcohols over both cation
exchanged and hydrogen zeolites to produce alkenes and ethers
has been widely reported

73

0

Bryant and Kranich

74

have investigated how the nature of the zeolite structure
and cation present influenced both the reaction rate and
product selectivity for the dehydration of ethanol and
butanol0 The highest alkene/ether product selectivity
was found in the small pore zeolites of the A series, due
to the difficulty of formation of the ether configuration
in the smaller pores. The lowest alkene/ether product
selectivity was found for the X zeolites, where the
formation of ether molecules in the large supercages was
not inhibited. The selectivity of mordenite was observed
to be similar to that of the A zeolite, perhaps indicating
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that a Rideal'=type etherification mechanism was not
favoured in the long cylindrical pores of the mordenite
(174) demonstrated that the
(162)
Bryant and Kranich
sample
exchange of the sodium cations in the zeolites with
bivalent cations produced an enhanced rate of dehydration
activity. It thus seems probable that the surface hydroxyl
groups are responsible for the dehydration activity of the
zeolites, since the presence of bivalent cations is known
to enhance the concentration of Bronsted acid sites on
the zeolite surface (see Figure 341
Many workers have concluded that the dehydration
activity of zeolites is related to their Bronsted acidity.
Gentry and Rudham 1751 have reported that the dehydration
of propan-2-ol on decationized X zeolites occurred by the
transfer of a proton from the zeolite surface hydroxyl
group to the oxygen atom of the alcohol molecule to produce
an oxonium ion; such a reaction mechanism satisfactorily
explained the formation of propene and di-isopropyl ether
as products
In 1953, Barrer and Brook

(176) reported the d.ehydro-

fluoration of fluorochloromethanes over chabazite0 They
also observed that tertbutyl chloride, adsorbed on
chabazite at room temperature, reacted to give hydrogen
chloride and oily polymeric material. Venuto et al (177)
have observed that rare earth X, sodium X, nickel X,
hydrogen Y and metal-hydrogen Y all converted ethyl chloride
to ethylene at 533 K, although the activity of NaX was
considerably less than that of the other zeolites0
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The authors

C1771

found that the activity. of Si0 2 -A1 2 0 3

was considerably less than that of the. zeolites0 The NaX
zeolite structure was observed to collapse due to the
interaction between the zeolite and the hydrogen chloride
product. Considerable aging of the zeolites occurred from
the formation of coke products on the surface of the
catalysts, thus blocking the sites necessary for the
elimination reaction. Since the activity of the zeolites
was observed to parallel the increasing stability of the
corresponding carbonium ions for the elimination reactions
of CH 2 C1 - CH 2CI, C 2 H 5C1, CHC1 2 CH

and CC1 3 CH3 molecules

respectively, the formation of hydrogen chloride most
probably occurred via a mechanism involving the zeolite
surface hydroxyl groups (177)
Venuto and Landis 62 have
0

reported that the function of the zeolite in elimination
reactions is to provide assistance to the heterolytic bond
cleavage in the adsorbed substrate (alcohol or halide)

4 2 3
.

.

Alkylation Reactions over Zeolites
The replacement of a hydrogen atom in a hydrocarbon

molecule by an alkyl group is a synthesis reaction termed
alkylation0 The effect of the pretreatment temperature on the
activity of rare earth exchangedX and Y, and hydrogen Y,
zeolites for the ethylene-benzene alkylation to ethyl
benzene, clearly showed that the reaction mechanism involved
the hydroxyl groups on the zeolite sur face (178)Th e
rapid loss in activity at higher zeolite pretreatment
temperatures was consistent with dehydroxylation of the
surface having occurred. The possibility that the aromatic

- 84 -

reactant molecules were adsorbed on Lewis. electron deficient
centres in the zeolite lattice has been discounted due to
the couloinbic repulsion that would result from the adsorbed
aromatic and the carbonium ion
Becker et ai(1l9) have studied the activity and
selectivity of hydrogen mordenite for the benzene alkylation
with ethylene and propylene. The authors observed a
progressive poisoning of the zeolite sample due to the
irreversible polymerisation of the alkenes on the zeolite
surface. The hydrogen mordenite sample possessed a distinct
maximum of activity for the alkylation at a zeolite pretreatment temperature of 723 K, indicating the decisive
importance of the Bronsted acid sites in the alkylation.
mechanism. Since the alkylation activity of the zeolite
was negligible at a pretreatment temperature of 923 K,
proposed that the Lewis acid sites did not

Becker et al

contribute to the reaction mechanism.
Since the mordenite zeolite contains channels
(71

R x 59

R)

with an access opening only slightly larger

than the dimensions of the benzene molecule (68 IR x 62
32

2

x

the only alkylation products formed were those whose

critical diameters did not significantly exceed those of
benzene. The authors (179) reported the possibility of the
alkylation process occurring by .a Langmuir/Hinshelwood
adsorption mechanism, as opposed to the Rideal mechanism (37,38)
proposed by Venuto and Landis (162), since the free diffusion
of the large molecules within the mordenite channels was
unlikely to occur.
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43

Zeolites.;

h4pe"-Selective Catalysts

4.3.1: ' Trictroduct'lon
If most of the catalytically active sites of zeolites
are confined within the small intracrystalline cavities
characterized by small pore dimensions, the rate of
catalytic reaction is probably more dependent upon the
molecular dimensions and zeolite configuration than upon
the intrinsic activity of the zeolite0 For reactant
molecules whose critical diameters are larger than the
pore dimensions of a particular zeolite, the catalytic
reaction will only take place on the relatively few sites
on the external surface. This fundamentally important
aspect of zeolite chemistry is termed "shape-selectivity".
Shape-selectivity was first described by Weisz and
Frilette in 1960
There are three types of shape-selectivity exhibited
by zeolites: Reactant Selectivity, Product Selectivity and
Restricted Transition State Selectivity.

4.3.2

Reactant Selectivity
Reactant selectivity occurs when the zeolite pore

structure segregates one type of reactant molecule from
another on the basis of molecular shape and dimension.
Weisz et al (181) have demonstrated the reactant selectivity
of 4A and 5A molecular sieves for the cracking of n-hexane
and 3-methyl pentane. In both cases the authors found that
the rate of n-hexane conversion was greater than the rate
of 3met4yl pentane conversion; for both hydrocarbons,

however, the rate of cracking was much greater over
Si0 2 A1 2 03 than over the' zeolites, thus indicating diffusion
limitation within the molecular sieves. The Cage (or
Window) effect, a special case of reactant selectivity,
occurs when certain molecules react at a different rate
than other molecules because their chain length matches
the length of the zeolite cavity. Gorring (182) has reported
that ndodecane (n-C 12 H26 ) diffused through the zeolite T
lattice (largely offretite with 25% intergrown erionitel
at about 140 times the velocity of n-octane at a temperature
of 573 K. Gorring attributed this effect to the close
fitting of the n-octane molecules to the erionite cage,
and to the ability of the n-dodecane molecules to orientate
themselves through the eight-membered rings in the a direction
of the zeolite lattice. N-dodecane is the shortest molecule
that can extend entirely through an erionite unit cell in
the a direction. Chen and Garwood (183) have reported
that the hydrocracking rates of n-hexane, ndecane and
n-undecane were higher than those for n-octane over erionite,
thus substantiating the conclusions of G orr ing (182 ).

4 3 3
.

.

Product Selectivjt
Product selectivity occurs within a zeolite when only

those products formed with the necessary molecular dimensions
to be able to diffuse out of the zeolite, from the active
site. location, are observed. Chen, Lucki and Mower (184)
have demonstrated that when n-docosane (n-C 22 H 46 ) was cracked
over erionite, the products exhibited a trimodal distribution
with peaks at C 3 _ 4 , C 6 and C 11

0

Similar results were
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obtained for the cracking of ntricosa.ne (nC 23 H48 l and
ntetradecane (n-C 14 H30 10 With these reactant molecules
the authors (184) observed that the n-C 7 , n-C 8 and n-C 9
hydrocarbon products were missing. This supports the
idea of the low energy trap for the n-octane molecule
for the erionite cages proposed by Gorring 182

0

4 3 .4 Restricted TransitIon State Selectivit
.

The restricted transition state selectivity of a
zeolite occurs when certain reactions are inhibited because
the formation of the corresponding transition state is
prevented by the restrictive lattice dimensions of the zeolite
surrounding the acid site. No barrier to the diffusion of
reactant or product molecules is associated with this type
of zeolite selectivity, although it may be possible for
at ieast two of the three types of shape selectivity to
act in concert.
Becker et al (179) have observed, upon the hydrogen
mordenite catalyzed alkylation of benzene with propylene,
that the formation of m-di-isopropyl benzene was relatively
inhibited with respect to the formation of the p--isomer.
They observed that the dimensions associated with the
rn-isomer (900

IR x

74

x 63

did not sufficiently fit

the dimensions of the mordenite channels (71

R

x 59

Fetterly and Koelitz (185) have demonstrated that the
anti-Markownikoff addition of HBr to 1-acetoxy-3-butene
occurred over a 5

R

molecular sieve. The authors observed

that the critical factor for the formation of the terminal

bromide was the dimensions C5

RI

of the molecular sieve

rather than any acidity characteristic. The authors
reasoned that for the reaction of HBr with a terminal
alkene, within a zeolite channel of only 5

R

in diameter,

the large bromide atom (4 } would be prevented from
reaching the 2-carbon position of the olefin, Since the
zeolite dimensions allowed a mobile hydrogen atom to reach
this 2-carbon position, the observed reaction selectivity
was attributed to the configurational constraint of the
zeolite channels over the reaction transition state, The
authors reported that the normal Markownikoff addition
products were apparent for the same reaction over silicaalumina.
Spencer and Whittam 86 have proposed that the
distribution of the products for the conversion of methanol
to hydrocarbons by H-ZSM-5 and H-Nu-I could possible be
attributed to the zeolite structure at the acid site
limiting the configuration and size of the reaction transition
state,

4,3,5

Diffusion and Shape-Selectivi ty
Diffusion is a very important factor in the shape-

selective catalysis exhibited by zeolites; according to
Csicsery09

H

one type of molecule will react

preferentially and selectively in a shape-selective catalyst
if its diffusivity is at least one or two orders of magnitude
higher than that of the competing molecular types"

csicsery C109) has observed that any dimerisation of
two molecules in a zeolite channel, or the formation of a
strongly adsorbed species, will reduce or block the
diffusivity of the molecules in that channel. Some zeolites
are known to rapidly deactivate when strong adsorption of
molecular species occurs (186)
The diffusion limitations imposed upon molecules by
the internal nature of the zeolite structure can effectively
donate a greater catalytic importance to the external surface
active sites of the zeolite0 In general, the external
active sites of zeolites are small in number with respect
to the number of internal sites, and are characterized by
non-shape-selectivity.
Excluding bulk phase diffusion there are two main
types of diffusion that can occur within zeolites (187)
Since zeolite particles contain both a micropore and macropore
network, either (or both) structures can control the
diffusion rate under a given set of conditions. The macro
pore structure of the zeolite is that structure existing
between the individual crystallites. If the dimensions
of this structure are

less than the mean free path of

the diffusing molecule then Knudsen diffusion (1O3) will
occur. The activation energy of this macropore diffusion
will be small, possessing a value in the range 2 - 13 kJ mol 1 0
The fine inicropore structure in which true zeolitic diffusion
occurs has a much higher energy of activation due to the
proximity in the dimensions of the molecular adsorbate
to the zeolite channels (2 - 84 kJ mol 1

)0

RuthvenU88l

has
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reported that the rate of adsortion observed in a
molecular sieve is not always controlled by intracrystalline
(1891
has attributed the term
(micropore) diffusion. Weisz
"configurational" diffusion to the restriction of adsorbate
molecules by the micropore structures of the molecular
sieves.
Youngquistet_ai U9(3) have reported that the average
diameter of the macropores in a zeolite 5A was about 900
as compared to the effective 43
micropores

88

0

9,

RF

of the zeolite

For the diffusion of n-butene the authors (189)-

observed that the macropore diffusion was rate controlling.
When macropore diffusion is adjudged to be controlling
the rate of adsorption an equilibrium may be assumed
between the gas in the macropores and the adsorbed phase in
the micropores0

4.4

Bronsted and Lewis Aciditypn the....e'olite Surf ace
A considerable amount of evidence has now been

presented in this study to illustrate how the activity of a
hydrogen zeolite varies as the zeolite pretreatment
temperature is increased. A firm picture of the dehydration
of Bronsted acid sites to Lewis acid sites has now been
established in the literature.
Both Hopkins (191) and Lunsford(192), however, have
proposed the existence of a possible synergism existing
between the Bronsted and Lewis acid sites on the zeolite
surface; with the hydroxyl groups being more catalytically
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active when subject to electron withdrawal from the
neighbouring Lewis 'acid sites,, Thus an increasing
concentration of Lewis acid sites should increase the
acidity of the hydroxyl groups through 'an induction effect
pervading throughout the zeolite lattice. In this situation
a minimum in the activation energy for a catalytic reaction
should be observed at the pretreatment temperature of
maximum activity. Jacobs et ai(193), indeed have shown
a statistical decrease in the activation energy for the
isomerisation of nbutene over hydrogen Y and dealuminated
hydrogen Y, at the zeolite pretreatment temperatures of
maximum catalytic activity. Benesi

7 has shown that

the pretreatment temperature associated with the maximum
catalytic activity of ammonium Y zeolites was 220 K greater
than the pretreatment temperature associated with almost
total quantitative dearninination (i0e, maximum hydroxyl
group concentration).
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Part II': ZSM-5 and Fu-1 Ri. Si'lica. Ze'oLttes
The second part of Chapter 4 briefly reviews the
available literature on the structure and acidity characteristics
of ZSM5,

and introduces Fu-1 as a high silica zeolite of

unknown structure.

4.5 .1

Z SM5:

Introduction

In 1976, Meisel et a iU 94) , of the Mobil Oil Company,
reported the catalytic conversion of methanol to hydrocarbons and water over a new shap

'selective zeolite catalyst0

The hydrocarbons produced in this process were both aliphatic
and aromatic, being predominantly of the C 4 to C 10 gasoline
boiling range. The catalyst responsible for this methanol
to hydrocarbon conversion was the ZSM-5 zeolite0 Since
technology already exists for going from coal and natural
gas to methanol, the methanol conversion ability of
H-ZSM-5 has effectively provided a new link for the

transformation of fossil fuels, other than petroleum, to
gasoline.
ZSM-5 is a novel silica-rich zeolite, most commonly

synthesized using the tetrapropyl ammonium organic cation
as the major synthesis template.

ZSM-5 possesses a

Si0 2 /Al 2 0 3 ratio ranging from 25 to at least 2000(84h1589195)
ZSM5 is distinctly different from the large-pore

faujasites (e.g. zeolltes X and Y) and the small pore
zeolites (e.g. zeolite A. and erionite), with pore dimensions
intermediate of these two types of zeolites respectively.
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ZSM-5 is most catalytically active in its protonated form
(H-ZSM-5) (1961 With respect to the more traditional
zeolites, the ion-exchange capacity of ZSM-5 is small due
to the relatively small amount of aluminium in the zeolite
lattice. Silicalite 83 , the aluminium'-free analogue of
ZSM-5, does not exhibit ion-exchange properties.

4. 5.2

The Structure of' ...SM- 5
The structure of ZSM-5 has been reported by

Kokotailo et al (197), The ZSM-5 framework contains two
intersecting channel systems; one sinusoidal 10-membered
ring system runs parallel to the a-axis, and the other
10-membered ring channels run straight and parallel along
the b-axis.
The secondary building unit C891 ofthe ZSM-5 structure
is the novel eight five-membered ring unit shown in
Figure 4.1.1. The secondary building units join up
through edges to form chains, the latter being connected
to form sheets. The linking of the sheets leads to a three
dimensional framework structure shown in Figure 4.1,2,
Figure 4.1.3 illustrates a simplified ac projection formed
by the link up of the novel eight 5-membered secondary
building units. In Figure 4.1.3 the sections marked A
correspond to the unit shown in Figure 4.1,1, while the
sections marked B correspond to the mirror-image of this
unit. The sections marked C correspond to an eight 5-membered
ring unit in 180 ° horizontal orientation to the unit shown
in Figure 4,1.1, and those sections marked D are the mirrorimages of the units corresponding to section C. This link-up
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F i g ure 4.1.2
Figure 4.1.1

Elliptical 10-ring of
straight channel.

/

Near circular 10-ring of
sinusoidal channel

THE H-ZSM-5
STRUCTURE

a (

Figure 4.1.3

T
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gives rise to elliptical 10-membered ring cavities in the
ac plane s, and the near-circular sinusoidal 10-membered
ring channels in the a direction

581 .

The ZSM-5 structure contains a high percentage of
5-membered rings, a feature shared with mordenite and
ferrierite0 The high thermal stability of ZSM-5 can
perhaps be attributed to the prevalence of 5-membered
rings within the structure (96) (see section 29)
Anderson et al(198) have reported that the skeletal
channel dimensions of silicalite and ZSM-5 are the same;
the cross-section of the nearly circular sinusoidal
channels is 54 ± 02

R

and the dimensions of the elliptical

cross-sectioned straight channels are 57-58

R

x 51-52

The calculation of the free cross-sections assumed that the
Oxygen ions have a radius of 13

R

and depended slightly on

the choice of those oxygen ions that were diametricallyopposing. Anderson et al (198) have demonstrated that
H-ZSM-5 (the protonated form of ZSM-5 was formed from
the thermal treatment of the ammonium-exchanged zeolite
at 770 K) readily adsorbed ammonia (26
amine (43

R),

0
A)

and n-butly-

but that the adsorption of t-butylamine (62

R)

on

and 4-methylquinoline (65 ) occurred onlythe zeolite
external surface. The authors observed that the presence
of sodium cations in the channels of ZSM-5 appreciably
impeded the adsorption of toluene (58

R)

and p-xylene (58 ),

but did not obstruct the adsorption of n-hexane (43 ) at
all. These results were shown to be consistent with the
given channel dimensions of ZSM-50

4 5 3

The Cat°a1yti Activity of ffZSvto5
Anderson 'et al C1961 have shown that the cracking of

nhexane at 673 K over H-ZSM5 was not affected by the
presence of 4-methyl quinoline but was totally prevented
upon the introduction of ammonia.
The authors (198) demonstrated that the extent of
conversion of n-hexane, 3-methyl pentane, and 2,2dimethy1
butane over HZSM5 respectively decreased. This suggested
that the reaction rates were controlled by the ease of
reactant entry into the catalyst channels, since Rollman

99

has demonstrated that the intrinsic molecular reactivity of
hydrocarbons increases with increasing chain branching.
Since the activity for the conversion of hydrocarbons was
poisoned by strong bases and by the presence of exchanged
sodium cations, the authors (198) attributed the activity
of HZSM-5 to the presence of Bronsted acid sites on the
zeolite surface.
In 1980, Anderson et al (196) reported further evidence
for the Bronsted acidity of H-ZSM-5 and invoked the
CH 3 RtH species (R = H or CH 3 ) as the active intermediate
in the methanol conversion. Chang and Silvestri (195) and
Derouane et al (200) have respectively proposed a methylene
diradical mechanism and a carbonium ion mechanism to account
for the conversion of methanol over H-ZSM-50

Both Vedrine et al (201) and Hatada et al (2021 have observed
the presence of Bronsted acid hydroxyl groups on the surface
of H-ZSM5 with the use of infra-red (I0R0 spectroscopy0
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Vedrine et al (2011 in an extensive report, have observed
1
with a
two well-resolved I.R. bands at 3720 and 3605 cm
Dehydroxylation of the zeolite

shoulder at 3665

occurred above a pretreatment temperature of 673 K and was
complete at 1173 K.

For the H_ZSMo5 sample heated at 1173 K

the rehydration of the zeolite surface restored only the
1
3720 cm- band, thus indicating that a dealumination of
the zeolite lattice had possibly occurred. Indeed, x-ray
photoelectron spectroscopy data on the H-ZSM-5 samples showed
that upon increasing the zeolite pretreatment temperature
from 773 K to 1173 K, the aluminium content of the zeolite
decreased by about 15%
The infra-red spectra of adsorbed pyridine on H-ZSM-5
indicated the presence of both Bronsted and Lewis acid sites
on the zeolite surface. Both these types of surface acidity,
(as measured from pyridine adsorption) exhibited a maximum at a
zeolite pretreatment temperature of about 755 K.

This decrease

in Lewis acidity at higher zeolite pretreatment temperatures
is in contrast to the increase exhibited by the faujasites

33

The structure of H-ZSM-5 was observed to be unchanged when a
zeolite sample was out gassed up to 1200 K.
The Electron Spin Resonance (E0S0R0) signal of nitric
oxide adsorbed on H-ZSM-5 increased sharply above a zeolite
pretreatment temperature of 773 K, indicating that there
occurred a sharp increase in the number of trigonal aluminium
sites present on the zeolite surface.
Following the work of Chen U2U, the infra-red band
at 3720 cm- 1 was attributed to the presence of hydroxonium
ions on the zeolite surface (201)

0

The rise and fall of Lewis

0

acidity, as exhibited. by E.S.R. and I.R. respectively, with
increasing zeolite pretreatment temperature, Indicated
that the pyridine molecules were not accessible to all
the Lewis acid sites present on the surface of E-ZSM-50

4 . 6 . 1 Fu - 1: Introduction
Fu-1 (spoken F0U0one

2031 is a material of high

silica content comparable with other zeolites in some
aspects of its method of synthesis, and illustrating those
properties that are regarded as zeolitic0 The Fu-1 samples
used in this study were of the hydrogen form written as
HFUl= and were obtained from a single batch synthesized
at the Catalyst Synthesis Laboratories of Agricultural
Division, Imperial Chemical Industries Limited, Billingham0

4. 6.2

The S y nthesis of H-Fu-1
The synthesis of H-Fu-1 is discussed in Chapter Six.

4,63 Adsorption Properties of H-Fu-1
Two separate adsorption studies have been carried out
over H-Fu-10 The first study at Agricultural Division,
considered the total number of molecules physically and
chemically adsorbed by the zeolite, while the second study,
at the Corporate Laboratory (100010), considered the number
of chemically adsorbed molecules by the zeolite0
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4 60301dsorpti1on Work

ivision

In order to obtain reproducb1e adsorption data it
was found necessary to calcine the Fu-1 sample in ammonia
at 723 K for up to twenty-four hours prior to the coke
burn-off in air (see section 462)

The adsorption

experiments were conducted on a microforce electronic balance
at 296 K, and the results, after a two hour adsorption period,
are given in Table 41 below.

Adsorbate

Kinetic
Diameter of
Adsorbate

P
Po

w/w
adsorbed
%

()

Number of
Molecules
Adsorbed per
of H-Fu-1
g

Apparent
Voidage fille
c.c./100 g

Triethyl
benzene

8O

050

O2

74x10 18

0,28

Cyclobexane

60

050

307
(10 mm
507
(17 hr

27 x 1020

47

37 x 10 20

72

p-Xylene

585

050

707

50 x 1020

89

n-Hexane

403

0050

608

500 x 10 20

1004

Methanol

38

0,50

6O

140 x 10 20

1000

Water

265

025

85

280 x 1020

85

Ammonia

260

050

707

270 x 10 20

1000

Table 41: Adsorp ti on Characteristics of H-Fu-1 at 296 K
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The adsorption data given in Table 41 are graphically
represented in Figure 43 and show that the
maximum kinetic diameter of the adsorbate that will allow
access into the internal structure of HFu-1 is about 60
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Kinetic diameter of Adsorbate
FigRre 43:

Adsorption characteristics of H-Ful at 296 K.

4.6.3.2 Adsorption Work at Corporate Laborato
The chemisorption characteristics of H-Fu-1 for
base adsorbate molecules were compared with those of
H-ZSM-5 (Si0 2 /Al 2 0 3 ratio of 601 and an amorphous silicaalumina catalyst containing 12% alumina. The amounts of base
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chemisorbed after adsorption and evacuation at 423 K are
shown in Table 42 be1owas molecules per g0

Base Adsorbate

of catalyst.

H-Fu-1

HZSM-5

Si0 2 -Al 2 0 3

Methylaxnine

6 x 10 20

18 x 10 20

12 x 10 20

Trimethylamine

7 x 10 19

Pyridine

6 x 1019

19 x 10 20

6 x 10 19

26_DTBP(a)

3 x 10 19

4 x io

3 x 10 19

-

Table 42: The Chemisorpon of base molecules on H-Fu-1
H-ZSM-5 and Si0 2 -Al 2 0 3 at 423 K.
(a) 26-DTBP; 2.6-ditertiarybutyl pyridine.
Comparison of the results for H-Fu-1 and H-ZSM-5, shown
in Table 42, demonstrates that all the sites available for
the chemisorption of methylamine can also chemisorb pyridine
in H-ZSM-5 but not on H-Fu-10 In the latter case there are
ten times as many sites available to the smaller methylamine
molecule than there are to the larger pyridine molecule. The
chemisorption of both pyridine and 2,6-DTBP give identical
results for H-Fu-1 and Si0 2 -A1 2 0 3 , The aluminium (Al 3 )
content in H-Fu-1 and H-ZSM-5 is 75 x 10 20 ions and 4 x 1020 ion
per

90

of zeolite respectively. Table 42 shows that the

amount of chemisorbed methylamine agrees relatively well
with the Al content in both cases. This suggests that the
acid sites of both zeolites are probably associated with the
3+
presence of the Al ions in the respective zeolite frameworks.
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Table 42 suggests that methy]ainine Land therefore pyridine)
3+ ions in the H-ZSM-5
not accessible to some of the Al
framework. This conclusion has also been made by Vedrine
et al (201) (see section 453)

4.6 4 An InfraRedStudyf E-Fu-1
.

Inorder to identify the types of acid sites and their
location in H-Ful, an infrared study of the zeolite was
carried out at the Corporate Laboratory by Pierce, Dewing
and Stewart (2071
0

Wafers of about 1020 mg0 were prepared from H-Fu-1
by pressing the powder in a 15 mm diameter die at about
175 tonnes. Each wafer was mounted for study in a stainless
steel disc holder and positioned in a vacuum cell with
windows of single crystal silicon,, The cell was so arranged
that the zeolite wafer was placed in the path of the sample
beam of a Perkin Elmer 257 grating infra-red spectrophotometer.
The sample was evacuated for sixteen hours at 723 K to a
pressure of 1.4 x 10- 3 Pa. The zeolite samples could then
be exposed to various adsorbates and treatments, and the
effect on the infra-red spectrum in the hydroxyl region was
monitored. When no adsorbate was present, two hydroxyl
bands in the infra-red were observed; at 3740 and 3610 cm- 1
respectively. Table 4,3 shows how these two hydroxyl bands
were affected by the presence of various adsorbates,

(a)
Minimum Diameter
of Circular Cross-Section
to allow, passage

Adsorbate
Molecule

Loss of 3740 cm 1
hydroxyl band

Loss of 3610 cmhydroxyl band

Di-methiether

405

YES

YES

Di-ethylether

52.5

YES

YES (slow)

Ethylene oxide

41

YES

YES

Methylamine

38

YES

YES

Diinethylamine

51

YES

YES (slow)

Ammonia

26

YES

YES

Pyridine

5.8

YES

NO

Oxetane

503

YES

NO

Tetrahydrofuran

505

YES

NO

:6.0.

YES

NO

Trime.thylamine
Table 43:

- >

The Effect of Various Molecular Adsorbates on the 3740 cm -1 and 3610 cm- 1
hydroxyl bands of H-Fu-1207
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(a) The molecular dimension values given in Table 43 were
calculated from framework molecular models and are accurate
to ±02

The models were examined for the smallest

circular cross-section (including the van der Waals radii
of the outer atoms) in the largest dimension. The minimum
diameter that was necessary to allow the passage of the
molecule in this configuration was established by measurement.
Table 43 shows that neither pyridine nor trimethylamine
were able to pçurb the 3610 cm-1hydroxyl band, whereas
this band was removed by adsorbate molecules of less than
in minimum diameter of cross-section. The chemisorption
1
of ammonia removed the 3610 cm- hydroxyl band and produced
a band at 1450 cm 1 , the latter being the characteristic
adsorption of ammonia onto a Bronsted acid site (see
Chapter

The hydroxyl band at 3740 cm 1 was only

affected by physical adsorption since this band was readily
restored by evacuation at 323 K. The extremely weak
acidity of this band indicates that it can either be
attributed to surface silanol groups or to siliceous
impurities (see Chapter 3)
The presence of both the pyridinium ion and coordinately
bound pyridine was established, however, upon the chemisorption
of pyridine. Due to the size constraints exhibited by
H-Fu-1, it thus seems probable that both Lewis and Bronsted
acidity are present on the external surface of the zeolite0
The 2,6-DTBP chemisorption result indicates that about 4% of
the A13+ content of H-Fu-1 is situated on the external
surface of the zeolite (see Table 421
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ffFuol as a Heterogeneous Cataiyst

40605

The catalytic activity of H-Ful has been examined
at Agricultural Division and can be separated into
two distinct sections:The effect of the zeolite structure on the extent
of conversion of, and .the product distribution from, large
molecules.
The catalyzed reactions of smaller molecules which
can probably enter the pore system of the zeolite0

4.6.5.1 The Catalytic Activity of H-Fu-ltotards
Large Molecules
Decalin 1 tetralin, hexadecane and light gas oil have
been cracked over H-Ful at 723 K in a pulse micro reactor 86

0

Table 44 compares the initial conversion of these large
hydrocarbon molecules obtained over HFu-1 with those
obtained over Si0 2 -Al 2 0 3 and H-ZSM--50

Hydrocarbon Feed
Hexadecane

Decalin

Tetralin

Catalyst

Light Gas
Oil

H-Fu-1

90(a)

85

75

78

Si0 2 -A1 2 0 3

80

78

78

68

>99

60

86

66

H-ZSM-5

Table 44: Initial Conversion

(a) in hydrocarbon cracking

at 723 K for H-Fu-1, H-ZSM-'5 and SiO 2 -Al 20386
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The adsorption characteristics of H-Ful indicate that
while hexadecane would probably have access to the internal
sites of the zeolite, the hydrocarbons of larger size
(decalin and tetralinj would only react on the zeolite surface
or at the pore mouths(86)The cracking results given in
Table 44 indicate that the external surface of H-Fu-1 is
considerably large, and exhibits a hydrocarbon conversion
ability close to that of Si0 2 -A1 2 0 3

0

Table 44 demonstrates

that the internal sites of H-ZSM-5 are more active than
those of H-Fu-10
Table 45 illustrates the product distributions
obtained for the cracking of nhexadecane over H-Fu-1,
Si02 -A1 2 0 3 and HoZSM5, in a pulse reactor at 723
The product distribution was obtained at 80% n-hexadecane
conversion.

Catalyst

% w/w Product Distribution,
Carbon Numbers.
Under 6

6-7

7-10

15

H-Fu-1

82

9

9

0

Si0 2 -Al 2 0 3

65

15

12

8

H-ZSM-5

51

8

34

7

Table 45: Product distributions at 80% hexadecane conversion
over H-Fu-1, H-ZSM-5 and Si0 2 -A1 2 0 3 205
The low proportion of C 15 cracking products for H-Fu-1
suggests that the cracking tendency of the zeolite may
be low. The relatively high proportion of products C 6 and
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below indicate that the pore constraints of H-Fu-1 are
possibly exercising a large measure of product selectivity
(see section 40303) on the product distribution. Table 45
demonstrates that t ie H-ZSM5 zeolite probably exhibits
product selectivity in the C.-C10region of the product
distribution.

4.6.5.2

The catalytic Activity of H---Fu---1' t'otards' 'Small Molecule

The initial activity of H-Fu-1 for the xylene isomerisation
and the ethylbenzene conversion have been reported to be an
order of magnitude higher than the same reactions over
Si0 2 -Al 2 O 3 2051

0

In these reactions, moreover, the activity

of H=Fu-1 is similar to that of a de-aluminated mordenite0
The selectivity of H-Fu-1 for the xylene isomerisation is
higher than Si0 2 -A1 2 0 3 , but is about the same as that
experienced over H-ZSM-50 In the latter case, the activity
for the xylene isoinerisation is greater than for both
H-Fu-1 and Si0 2 -A1 2 0 3

0

This experimental result indicates

that the acid sites within the pore restrictions of H-Fu-1
are stronger than those of Si0 2 -Al 2 0 3 but weaker than those
present in H-ZSM--50 This conclusion is established by the
fact that while ethylbenzene undergoes disproportionation
over H-Fu-1 and Si0 2 -A1 2 0 3 , it is extensively cracked to
benzene and ethylene over H-ZSM-50
Over the catalysts studied for the xylene isomerisation
and the ethyl benzene conversion, the order of the decay of
catalyst activity was as follows:
H-mordenite > H-Fu-1 > H-ZSM-5

S1O2-Al2O30
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Since mordenita has effectively a large one-dimensional
(1081
pore structure
(where pore blocking by coke is
faciliated), and ZSM5 has small pores with a threedimensional channel system (where there is good access to
internal acid sites even at substantial coke levels) (89)

11

H-Fu-1 would appear to have a structure that is approximately
intermediate between these two extremes.
The catalytic conversion of methanol by HFu-1 results
in rapid catalyst deactivation unlike H-ZSM-5, thus suggesting
the possibility of smaller pore constraints in the former
zeolite.

MEMORM

CHAPTER 5
TB NBUTENE ISONERTSATTON

50 101

IntroductIon
The nature of the active sites on catalyst surfaces is

of fundamental importance. The product selectivities and
reaction kinetics obtained from the isomerisation of the
n-butenes has attracted considerable interest, since their
analysis has led to a greater understanding of the nature
of the active sites of the catalysts being studied. Many
workers have studied the isomerisation of the n-butenes on
catalysts possessing a wide acidity range, and in nearly
every case they have observed that the reaction was
kinetically controlled (208)0
If it is assuined 1208 that the surface reactions in
the catalytic isomerisation of the n-butenes are rate
determining (i0e0 diffusion, adsorption and desorption
are not rate determining), the representation of the t'
sequence of events on the catalyst surface is given in
Figure 51 below.

But 1 =' ene

Cis But-2-ene
k.

k\\k

ci

R
ct
tc

ti
Trans but-2-ene

Fig ure 51: The Pathy for the n-bute°ne iSomerisation

where kij is the rate constant for the isomerisation
of isomer 'i to isomer t

(208)
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Most of the proposed reaction mechanisms for the inter
conversion of the n-butenes have implied certain kinetic
consequences; i0e0 a pair of rate constants (see Figure 511
are very small or zero.

5. 1. 2

Product'Selectiv ity
Lucchesi: et al

(2091

observed that the isomerisation of

but-l-ene over Si0 2 -Al 2 0 3 to cis- and trans but-2-ene was
markedly stereospecific since the thermodynamically
unfavoured cis-isomer was kinetically favoured, especially
at low conversions of the reactant. The authors C2091 explained
their results by assuming that the proton addition to but-l-ene
occurred via a pi-complexing mechanism at the double bond,.
The p1-complex could not lose a proton to form the transisomer (due to the restricted rotation of the complexi so
the cis-isomer was foImed. The trans-isomer was assumed to
form from the geometrical isomerisation of the cis-isomer.
Thus, in terms of Figure 51, the values of both k.t and kt.
are zero for the Lucchesi mechanism 29 0
In an earlier work, Turkevich and Smith C2101 proposed
a "hydrogen-switch" mechanism in which the acid catalyst
acted as both a donor and acceptor of protons, so that the
double bond was shifted by a concerted fission and formation
of carbon-hydrogen bonds. This mechanism, however, did not
explain the observed interconversion of the but-2-ene isomers
over acidic catalysts. In 1960, Haag and Pines C2111 suggested
that the but-l-ene isomerisation over acidic catalysts proceeded
by the elimination of a proton from a secondary butyl carbonium
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ion Lsee Figure 5 .21 via the slow formation of a pi-complex,
each product of the 'isomerisation having its own pi-complex.
From the prodtict selectivities obtained, the authors C2 111
concluded that the energies of the complexes were of the
following increasing order: cis < trans but-l-ene0
Taft et al (2121 have proposed that the addition of a proton
to give the carbonium ion similarly proceeded via a pi-complex.
Forster and Cvetanovic

213 have proposed two different

mechanisms for the isomerisation of the n-butenes over acidic
and basic catalysts. While they assumed the existence of a
carbonium ion in the former case, the presence of an allylic
carbcn ion species was invoked for the isomerisation over
basic catalysts.
In 1967, Hightower and Hall C2141 reported that the
reaction selectivity obtained for the isomerisation of
but-1-ene over Si0 2 -Al 2 0 3 was relatively insensitive to the
source of catalyst, degree or nature of. poisoning, silica to
alumina ratio and temperature; they therefore proposed a
mechanism which involved one common intermediate for the
reaction. Such a reaction intermediate, providing a direct
pathway between all the isomers, was the classical secondarybutyl carbonium ion 213

0

Figure 52 illustrates the classical secondary-butyl
carbonium ion intermediate for the n-butene isomerisation over
Si0 2 -Al 2 0 3

0

- 112 -

H

H

H

VN

Figure 52: The Classical secondary-buty carbonium ion intermediate for the n-butene isomeris'ation over
SiO -Al 0 (193,208,213,214,215)

Figure 52 demonstrates that C1, C2 -H, and C 3 all lie
in the same plane, with the methyl group on C 3 extending away
from the catalyst surface due to steric interaction. While
rotation about the C 1 C 2 bond is allowed, the free rotation
about CC 3 is largely inhibited. Since the two C 3 -H bonds
are energetically similar, their breaking at all temperatures
will possess equal probabilities, so that a cis but-2-ene to
trans but-2-ene product ratio (cis/trans) of about- one would be
expected for the but-l-ene isomerisation 208

0

While the loss

of the Ha proton will result in the formation of the cis
but-2-ene isomer, the loss of the H

proton will result in the

formation of the trans but-2-ene isomer. Since the two C 3 -H
bonds are energetically similar, the cis/trans ratio for the
but-lene isomerisation should be independent of temperature.
This temperature independence has been observed over several
acid catalysW, including Si0 2 Al 2 0 3 208 and hydrogen Y zeoiite0
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The product ratio observed for the isomerisation of
but-=l-ene is a potential guide to the type of reaction
C2161 have observed that
mechanism involved. Bond and Wells
the initial cis/trans ratio was less than unity for metal
catalysts and thus proposed a radical mechanism to explain
their results. Cross Kemball and Leach C2171 have suggested
a radical mechanism for the isomerisation of butlene over
nickel X zeolites since there was preferential formation
of trans but2ene0 Haag and Pines (2181 have demonstrated
that the base catalyzed isomerisation of but-lene produced
a high cis/trans ratio due to the proposed formation of
the allylic carbon ion intermediate. This high stereospecificity observed was thought to arise from the greater
concentration of the cis-butenyl carbQnion; this species
being distinct from the trans=buteny1 carbanion due to the
considerable energy barrier to rotation that existed about
the allylic carbon-carbon bonds.
In 1965 Leftin and Hermana 14 reported that the
ultra-violet spectrum of but-l-ene chemisorbed on SiO 2 -Al 2 O 3
was consistent with a surface butenyl Callylic) carbonium
ion; an ion formed by the interaction of a surface Lewis
acid site at the allylic position of the alkene0 Each
product isomer of the isomerisation was assumed to possess its
own stereochemically distinct carbonium ion due to the
existence of a large energy barrier to free rotation. The
allylic carbonium ions were assumed to retain their respective
identities until they were transformed to their respective
products. The authors (411 thus concluded that over acidic
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catalysts characterized by Lewis acidity, a high. cis/trans
ratio was expected for the butlene isomerisation0
Mikovsky and Weisz (2191, however, have reported lower values
for this but2ene isomer selectivity over SiO 2 Al 2 03

0

There has been a great deal of debate concerning the
selectivity between cis-trans rotation and the double bond
shift for the n-butene isomerisation, since the product
selectivity is sensitive to catalyst properties. In 1967,
Misono et a1 220 reported that both the reaction rate and
the but2ene product selectivity of the but2ene isomerisation
were very high for strongly acidic metal sulphates (e0g0 ferric
or aluminium suiphatel, while they were very low for weakly
acidic sulphates (e0g0 magnesium or manganese sulphate)

The

trans but-2ene to but-l'ene ratio for the cis but-2-ene
isomerisation at 335 K, for example, was 085 for a MgSO 4 =-Si0 2
system, while being 1001 for a H 2 SO 4 SiO2 system (220) ,
Misono et al (220) rejected the possibility of the
butenyl (allylic) carbonium ion mechanism 43

, since it would

imply selective double bond migration; a phenomenon not
observed in their results. Instead, they agreed with the
conclusions from the work of Brouwer (22U, who suggested that
the cis-trans geometrical isomerisation resulted from the
secondary butyl carboniuni ion intermediate (see Figure 52),
while the double bond migration resulted from the concerted
"hydrogen switch" mechanism of Turkevich and Smith 2101

0

In 1971, Lombardo et al C2221 reported that the exchange
of NaY zeolites by small amounts of divalent calcium ions
(thus increasing the zeolite Bronsted acidity - see Chapter 31,
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produced a linear increase in the catalytic activity for the
nbutene isomerisation0 The authors C222) reportedthat
the cis-trans isomerisation was enhanced relative to double
bond migration. Lonthardo. et' . al 222 discounted the possibilities
of a fully developed secondary butyl carboniu.m ion (cis-trans
isomerisation) and a partially developed carboniuzn ion (double
bond migrationi existing together, and suggested that the
selectivities for product formation principally depended on
the differences in energy barrier heights between the
secondary butyl carboniuzn ion and the reaction products. They
assumed that the energy barrier height between the carbonium
ion and the but-lene product (for the buto2.ene isomerisation)
varied directly with the catalyst acidity, relative to the
energy barrier between the carbonium ion and the but-2ene
isomer. Thus, as the acidity of the catalyst decreased,
the but2-ene isomerisation became more concerted, and the
occurrence of the double bond shift increased with respect to
the occurrence of cis-trans isomerisation,

52

The n-butene Isomerisation over SiO 2 -'Al'
Hightower and Hall (223) have shown that there is a

marked decrease in the activity of Si0 2 -A1 2 0 3 upon exposure
to slugs of but-l--ene at 323 K in a microcatalytic reactor.
In the same series of experiments the authors found that only
about 1% of the protons on the hydroxyl groups of the
Si0 2 -A1 2 03 surface exchanged with the butenes, and thus
concluded that only a very small fraction of the hydrogen atoms
of Si0 2 -A1 2 0 3 were directly involved as sites for the isomerisatic
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of butl-ene0 In a detailed study they have shown that
the polymeric material formed from the first butF-ene
slug was instrumental in providing protons for the
subsequent second slug of butlene0 The formation of
polymeric material on the Si0 2 -A1 2 0 3 surface upon the
introduction of butl-ene 9 and its ability to act as a
source of protons for the catalytic isomerisation of
butlene g has also been suggested by Ozaki and Kimura C18)
peri(224226)p and Clarke and Finch 227 " 228 0 Ozaki and
Kimura (18) indeed suggested that the isomerisation
proceeded through a proton donor-acceptor mechanism s, where
the protons formed were provided by either Bronsted acid sites
or by the carbonium ions formed from alkene interaction
with Lewis acid sites. Since the catalytic activity of
Si02 -A1 2 0 3 for the but-l-ene isomerisation has been found
to directly correlate with the hydrogen content of the
catalyst 215 , Hightower and Hall (223) suggested that the
residue was probably a polymeric carboniu.rn ion formed by
the interaction of the alkene with the small number of
Bronsted acid sites on the surface of Si0 2 -A1 2 0 3

0

Clark and Finch (227,228) have shown that there was an
initial formation of polymeric complex which remained
adsorbed on the acid sites when Si0 2 -Al 2 0 3 was exposed to
but-l-ene0 The authors found that 26 x i0 2° butene
molecules per gram of catalyst were irreversibly adsorbed
as a polymeric complex containing highly branched hydrocarbons in the C 8 to C 20 range. The polymeric complex
molecules did not exchange with the but-1-ene molecules in
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the gas phase. Clark and Finch (227,228) have reported
that the polymeric complex acted as the seat of activity
for the but-1-ene isomerisation over Si0 2 ='Al 20 3

0

Whereas

less than 02% of the available deuterium on an
exhaustively deuterated catalyst was transferred into
the products, the extent of deuterium in the products
was very much greater when but-1=ene was passed over a
catalyst sample containing a deuterated polymeric complex.
The authors also observed that the polymeric complex
varied in composition

(i0e0

number of monomer units per

acid site) as the pressure of the monomer in the gas phase
was varied. With monomer pressures of 8, 16, 35 and
50 mm Hg (Torr), the number of monomer units adsorbed as
polymeric material was 22, 31, 42 and 47 respectively.
Since Clark and Finch (227,228) demonstrated that
propylene, cyclohexene, octloene and 2, 3-dimethylbut-lene
all formed polymeric complexes on Si0 2 -A1 2 0 3 that
were active for the butl-ene isomerisation, the
possibility was raised that reaction over an adsorbed
phase may represent a general catalytic phenomenon.

- 118 In 1960, Webb (229) reported the formation of
polymeric carbonium ions upon the adsorption of
cis but-2-ene on Si0 2 -A1 2 0 3 , due to the, appearance of
the 3300 band in the ultra-violet spectrum. The
evidence presented by Webb suggested that the butene
molecules were adsorbed on the Lewis acid sites of
Si0 2 Al 203 While Webb attributed the formation of
a 3800

R

band to a charge transfer complex between

the adsorbed alkene and a surface hydroxyl group,
Leftin and Hall (230) suggested that this band
was more likely formed from the reaction of excess alkene
with surface carbonium ions. The 3800

R

band was

removed by evacuation at a temperature between 423
and 523 K. Leftin and Hermana 4 have demonstrated
the development of a 3100

R

band in the ultra-

violet spectrum upon the introduction of but-1-ene
to Si0 2 -Al 2 0 3 (outgassed at 823 k) at 335 K.
The authors assigned this band to the presence of

the butenyl (a11y1ic. carbonium ion formed by hydride
abstraction over a Lewis acid site (see section 5121
They observed the appearance of a second band at 3800
upon agingof the Si0 2 A1 2 0 3 catalyst. The optical
density of this 3800

R

band was observed to parallel the

decreased activity of the catalyst towards the but-l--ene
isomerisation. Furthermore, as the optical density of
the 3800

R

band increased that of the 3100

R

band

decreased. This indicated that the species responsible
for the 3800

R

band

possibly formed from the trans-

formation of the adsorbed butenyl carbonium ions.
Pen 225) however, has used the absence of the 3020 cm
(

band in the infra-red to propose that the adsorbed
butlene was polymeric in form, and that no allylic
carbonium ion existed on the catalyst surface0 peri 225
observed that the polymer left on the surface of Si0 2 -A1 2 03
possessed a low molecular weight and consisted mostly of
dimer and tnimer0 The adsorbed polymer could be desorbed
by brief evacuation at a temperature of 473 K. The
but1ene was reported to initially adsorb on the cs-sites
of Si0 2 -A1 2 0 3 (i0e0 exposed aluminium ions on the catalyst
surface) (231) 0
In 1966, Eirsch1er 232 suggested that the catalytically
active residue on Si0 2 -A1 2 0 3 was composed of polymeric
carboniuxn ions that were produced by the adsorption of
but-1-ene on Bronsted acid hydroxyl groups. The but-1'ene
isomenisation thus proceeded by the polymeric cations acting
as proton donors to reversibly adsorbed butene molecules.
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Hirschler assumed one polymer molecule for every acidic
hydroxyl group operating in the reaction mechanism.,
Eirschler 233 has reported that the degree of
polymerisation for butlene over Si0 2 -A1 2 0 3 was 4.,4 ± 0.1.
The polymer possessed a carbon to hydrogen ratio of 2, the
theoretical value for a monoalkene. The molecular weight of
the polymer was in the range C 8 to C 24 ,. with the trimer CC 12).
being the most abundant species. Hirschler observed that
the amount of polymer per unit area of Si0 2 -A1 2 03 increased
with increasing alkene pressure up to a limiting value.
Hirschler has reported evidence that the polymer was only
formed on the stronger acid sites of Si0 2 -A1 2 0 3 , since the
addition of water to the catalyst resulted in a decrease of
polymerization by 23% (Hirschler 2341 had reported earlier
that the addition of water to the catalyst resulted in a 23%
reduction of the number of strong acid sites on Si0 2 A1 2 0 3

)0

Hirschler 233 has demonstrated that the participation of
an allylic carbonium ion in the reaction mechanism was
unlikely since the reversible isomerisation of the but-2-enes
has been observed over Si0 2 '-Al 2 0 3 208 .,
Ballivet et al (235) have reported that the active
residue rapidly formed on the Si0 2 -A1 2 0 3 catalyst, upon
the introduction of cis but2-ene, reduced the catalytic
activity of the solid by a poisoning effect. The loss of
activity was expressed as two independent rate laws; a rapid
irreversible adsorption on the Lewis acid sites of Si0 2 -Al 2 0 3
with a much slower deactivation step on the Bronsted acid sites
of the catalyst. The ultra-violet study of the adsorption
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of cis but-2-ene on Si0 2 -A1 2 03 , reported by Ballivet
'et al (235), agreed well. with the earlier recorded work
of Pen (225) and Webb (229) , and thus suggested that Lewis
acid sites (exposed aluminium ions) were the primary sites
for alkene adsorption on Si0 2 -A1 2 0 3

0

The interaction of

the gas phase alkene (or reversibly adsorbed alkene), with
either the active polymeric residue or surface hydroxyl
groups, would thus result in the formation of the secondary
butyl carbonium ion. Misono et al (2361 have analyzed the
results of Hightower and Hall (223) and have concluded
that the "roll-over" of the secondary butyl carbonium ion
occurred to a considerable extent over Si0 2 -Al 203 , with a
large amount of hydrogen migration also taking place.

53

The nB'utene Is'omerisation over Zeol'ites
A correlation between the acidity of hydrogen

clinoptilolite and the catalytic activity of the zeolite
for the but-l--ene isomerisation has been reported by
Detre]cDy and Jacobs 237 0 They observed that zeolite activity
closely followed the concentration of the hydroxyl groups
on the zeolite surface, as the zeolite pretreatment
temperature was varied between 473 K and 873 K. A maximum
in catalytic activity was observed for a pretreatment
temperature of 650 K. The authors reported that the butene
molecules interacted with about 30% of the total hydroxyl
group concentration to produce an irreversibly adsorbed
polymeric complex in the zeolite channels. Since the active
lifetime of these channel hydroxyl groups was only a few
seconds, the isomerisation was proposed to be taking place
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solely on the. zeolite. surface0 The authors reported a
constant cis/trans ratio of 05 up to a catalyst pretreatment temperature of 873 K, where the sudden increase
in the product selectivity was attributed to the
decomposition of the zeolite lattice, with a subsequent
increased importance for the amorphous phase. In another
report

39 , the authors observed that potassium

clinoptilolite had practically no activity for the inter
conversion of the three nbutene isomers, thus indicating
that the probable sites of activity of the zeolite were
the surface hydroxyl groups. The authors reported that
these hydroxyl groups were probably located on the external
surface area and the 705 x 4.25

R

channels of the

hydrogen clinoptilolite lattice. The rate of adsorption
of butene appeared to be diffusion controlled, since the
amount of hydroxyl groups that disappeared upon butene
adsorption did not vary with either temperature or pressure.
Decle.rk, Vandaxnxne and Jacobs (186) have reported that
the rate of isomerisation of but-1ene on hydrogen Y zeolite
decreased rapidly in the first few minutes, with a steady
state conversion being attained after a few hours. The
authors (186) observed that the activity of the sites
poisoned most rapidly at the initial stage of the reaction
decreased when the zeolite was pretreated between 673 K and
873 K. Using the same theoretical analysis of the results
as Ballivet et al (235), it was observed that the decrease
in activity of these sites closely correlated the decline
in hydroxyl content that occurred at the higher pretreatment
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temperatures of the .zeolite Furthermore, the activity of
the sites responsible for the slower stage of the deactivation
process increased with increasing zeolite pretreatment
temperature, in good correlation with the concurrent
increase in Lewis acid site concentration,
Weeks and Bolton C2381 have reported that the addition
of but-1-ene to a deamminated (773 KJ. form of ammonium
Y zeolite at 273 K produced an immediate isomerisation.
Concurrent with the isomerisation was the formation of a
saturated surface species which could not be desorbed
at room temperature. The desorption of these saturated
hydrocarbons, principally isobutane and isopentane, occurred
at a temperature of 573 K. With the disappearance of
these surface species there occurred the appearance of a
very broad band in the infrared at 1600 cm -1 . This band
has been attributed by several authors to the presence of
a polymeric residue

35 ' 238 , The same results were

obtained on the dehydroxylated zeolite sample (973 K),
indicating that the saturated hydrocarbon surface species
were formed on the dehydroxylated sites of the zeolite
surface. Examination of the infra-red spectra provided
by Weeks and Bolton (2381 reveals that the adsorption of
but-l-ene on the dehydroxylated zeolite sample resulted
in an increased concentration of hydroxyl groups on the
zeolite surface.
Jacobs et al (193) have reported a decrease in the
initial and steady state rate constants, for the isomerisation
of but-1-ene on hydrogen Y zeolite, as the catalyst
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pretreatment temperature was increased,. The initial
cis/trans product ratios obtained were close to unity,
with no systematic change with the pretreatment temperature
being observed. The authors demonstrated that the
preferential adsorption of the but-2-ene Isomers with
respect to but1ene occurred on the zeo1ite, and thus
visualized the overall reaction as a rapid initial
conversion of but1ene to but-2-ene, followed by the
strong adsorption of the but-2-ene isomers, Peri 2241
indeed, has observed that strongly adsorbed but1ene
on alumina resembled cis but2-ene (see section
Jacobs et al C193) demonstrated that when the hydrogen
Y zeolite was heated at 423 K in the presence of but-1-ene,
the 2938 cm- 1

ads. band
band in the infrared increased
2
in intensity with respect to the 2970 cm 1 (VCH ads0 1 band,
3
thus indicating that a polymerization reaction had occurred.

(Vca

The loss of the zeolite hydroxyl bands in the infra-red,
upon the adsorption of but1-ene, suggested a positive
role for the zeolite Bronsted acidity in the polymerisation
reaction. There was, furthermore, a concurrent decrease
in the rate of butlene isomerisation with the reduction
in hydroxyl group concentration, as the pretreatment
temperature of the hydrogen Y zeolite was raised. Jacobs
et al (193) demonstrated that the difference between the
energies of activation for but-2-ene and but-1-ene formation
(for the but-2-ene isomerisation) decreased with increasing
zeolite pretreatment temperature, thus indicating a
decreasing acidity of the catalyst (2221 as the Bronsted
acid sites were dehydroxylated0

-

Weeks et al

-

391 . have reported that zeolite hydrogen

was unlikely to participate in the formation of the
saturated products when hydrogen " Y zeolite was treated with
but-l-ene at room temperature since the composition and
amount of the saturated products (with respect to the
polymeric residue formed at an evacuation temperature of
573 K) were the same for both deamminated and dehydroxylated
Y zeolite0 They observed that as the reaction temperature
was raised from 393 K to 573 K. the ratio of saturated
products carbon to polymeric residue carbon increased
as the hydrogen to carbon (H/Cl ratio of the polymeric
2401
residue decreased. Weeks et
reported that the
saturated surface species was probably formed by the
primary isomerisation of but-lene to cis but2-ene 4

,

followed by a polymerisation reaction.
Bolton and Weeks C2401 have studied the interaction
of [4

3 C]but-l-ene with a deamminated ammonium-exchanged Y

zeolite (at both 323 K and 473 K1 in order to determine
the reaction sequence in both the initial and final stages.
The authors reported that the product but-2-ene isomers
mostly contained only one labelled carbon atom each thus
indicating that the isomerisation of but-l-ene was an
intramolecular process., For both the low and high
temperature reactions they were able to correlate the degree
of enrichment of each of the saturated products with a
particular type of polymerisation reaction that was thought
to occur on the zeolite surface. Thus the production of
3,4-dimethyl hexane in the low temperature reaction was
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assumed to have arisen from the dimerization of but-2'-ene
coupled with a hydrogenation reaction, The hydrogen
necessary to saturate the dimer was thought to have
originated from the residue that was formed upon but-1-ene
interaction with the zeolite surface. This surface
residue had a low H/C ratio and has been observed in the
infra-red at 1600 cm -1 (135,193,2381
The paraffin, when
formed, was assumed to desorb from the zeolite surface and
take no further part in the reaction. Further saturated
products observed at 323 K were assumed to have arisen
from the alkyl shift isomerisations, and hydrogenation
reactions of 3,4-dimethyl hexane.,
Hoser and Kryzanowski 24 have demonstrated that
samples of cobalt-exchanged X zeolite were much more
active for the but1-ene isomerisation when pretreated at
473 K than at 673 K. Furthermore, the sodium X zeolite
was found to be inactive, thus indicating the participation
of zeolite surface hydroxyl groups in the reaction
mechanism. The cis/trans product ratio at zero butolene
conversion was observed to be about unity at all the
zeolite pretreatment temperatures. They reported that
the low trans but-2-ene to but-l-ene product ratio at zero
cis but-2-ene conversion was not necessarily inconsistent
with a Bronsted acid catalyzed reaction (via, the secondary
butyl carbonium ion),' since the obstructed rotation of
the carbo cation may well have occurred in the pores of
the zeolite lattice (see Section 4.,3.,41.,
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504

The'n-But

Ison'erisation Over A1umifla

The reaction selectivities for the but1=ene
isomerisation over Si0 2 -A1 2 03 and alumina (Al 2 03 1 are
noticeably different, suggesting that the reaction intermediates are not the same for the two catalysts. While
many workers have quoted a cis/trans ratio of about unity
at zero but-l-ene conversion over SiO 2 'Al 2 O 3 Csee Section 52),
a selectivity of greater than four has been reported over
Al 2 O 3 ' 211 ' 215

Peri

0

224

has demonstrated that the

rate of butlene isomerisation on A1 2 0 3 increased as
the catalyst pretreatment temperature was increased
this in stark contrast to the observations made over
Si02-A1203 (215)

0

Hall and Gerberich 2151 have reported

that SiO 2 -A1 2 0 3 deactivates much faster than A1 2 03

0

They

also observed that whereas the rates of but1-ene and
cis but-2-ene isomerisation over Al 2 O 3 were indistinguishable,
the rate of the but-1-ene isomerisation over Si0 2 -A1 2 0 3
was considerably greater than the rate of cis but-2-ene
isomerisation0
Since the rate of but-1-ene isomerisation over Al 2 O 3
was inversely proportional to the water content of the
catalyst, it was suggested that the active sites of the
catalyst did not include hydroxyl groups 215 . This
conclusion has been strengthened by the work of Gerberich
et al (242), who observed only a small deuterium enrichment
of the but-2-ene products upon the but-l-ene isomerisation
over a deuterated A1 2 0 3 sample.
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Peri 243 has reported that the dehydration of the
hydroxyl groups on the A1 2 0 3 surface left large oxide
ions on the outermost layer of the catalyst surface s with
exposed aluminium ions in the next lcJer of the surface.
He observed that the sites essential for the isomerisation
of but-1-ene over A1 2 0 3 formed NH 2 ° and hydroxyl ions
upon the chemisorption of ammonia, thus suggesting a
dual acid base mechanism for the isomerisationi i0e0 the
aluminium ions and oxide ions act as electrophilic and
nucleophilic centres respective1y, Peri C2431 suggested
that the adsorption of but-1ene on the aluminium ion
would cause partial electron withdrawal from the a1kene
with the subsequent proton transfer from the adsorbed
molecule to an adjoining oxide ion.
Gerberich and Hall C215) have reported that the high
cis/trans product ratio at zero but'-lene conversion
observed over A1 2 0 3 could possibly be explained by the
similar dimensions of: (11 the nucleophilic oxide ion
(264 ); (2) the minimum distance between the exposed
aluminium ions (2q64

R ;

and (,31 the separation of the

terminal carbon atoms of the but-1-ene molecule when in
the cis-configuration (274

The authors suggested that

such a proximity in these relevant dimensions would allow
for the "freezing" of a but-l-ene molecule, in the cisconfiguration, to a pair of exposed aluminium ions, while
the oxide ion acted as a medium for the transfer of an
allylic proton to the terminal methylene group. The alkene
would finally desorb as cis but-2-ene0
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These conclusions are substantiated by the earlier
work of Pen (224L, who observed that strongly adsorbed
but'lene on A1 2 0 3 resembled cis but2"ene, Furthermore,
as the activity of A1 2 0 3 increased for the but-1ene
isomenisation with the increase in catalyst pretreatment
temperature, the amount of strongly adsorbed but'-l'-ene
(cis but-2'ene1 also increased. Peri(224L reported
that the but'=l-ene strongly adsorbed at room temperature
was quickly desorbed upon evacuation at 473 K. This ease
of desorption for adsorbed but'l='ene has also been
observed over SiOfAl 2O3 225 ' 229 , thus indicating that
the modes of molecular bonding on the two catalysts may
possibly be similar. Ballivetet_i (2351 , indeed,
correlated the rapid deactivation of Si0 2 -Al 2 0 3 with the
interaction of the butl-ene molecules with the Lewis
acid sites on the catalyst surface (see section 5,21,
Lunsford, Zingery and Rosynek 244 have used the
electron spin resonance spectra of adsorbed nitric oxide
to characterize the active sites for the but-l-ene
isomerisation over A1 2 03 , The authors reported a hyperfine structure due to exposed aluminium ions. They
demonstrated that the adsorption of varying amounts of
hydrogen sulphide at room temperature (on the exposed
aluminium

poisoned the but-l'-ene isomerisation

in a linear fashion. In contrast to Gerberich and Hall 215 ,
who postulated that two aluminium ions were involved in
the reaction mechanism for the but-i-erie isomerisatior±
over Al 20 3 , Lun ord et al (244) concluded that the

isoinerisation could proceed over only one aluminium ion
and still preserve the high cis buto2ené product
selectivity.
In 1976, Rosynek and Strey C2461 reported that the
adsorption of hydrogen sulphide at 298 K on A1 2 0 3 prevented
the double bond migration and the cis/trans rotation of
the butenes Slager and ?ntherg 2471 have demonstrated that
hydrogen sulphide dissociatively adsorbed on the exposed
aluminium ions, thus preventing the formation of a
carbonium ion by the proposed interaction of the butenes
with the exposed aluminium ions (2290
Perot et al C2481 have reported that the double bond
shift of cis but2ene over both A1 2 03 and SiO 2 -Al 2 O 3 was
closely related to exchange between the allylic hydrogen
of the alkene and the catalyst. They found, for both
catalysts, that 2,3-d 2-cis but-2-ene yielded but-4ene
without any deuterium loss, and that 1,4-d 6-cis but-2ene
yielded almost pure d5butloene0 The authors demonstrated
that a mixture of the d 1 and d 2 -trans but-2-ene isomers
were formed from 2,3-d 2-cis buto2_ene, when, in fact, a
mechanism involving the secondary butyl carbonium ion (see
Figure 52) would enforce only a d 1 - product. They thus
quoted the possibility of two mechanisms for the cis-trans
isomerisation; the secondary butyl carbonium ion mechanism
(experiencing deuterium exchange) and an intra molecular
mechanism (experiencing no deuterium exchange). While the
reaction was found to consist of a 63% intra molecular
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component over Al 2 O3 the intra molecular contribution
over S10 2 -A1 2 0 3 was only 38% The existence of an
intra molecular mechanism can be correlated with alkene
interaction with the Lewis acid sites of the catalyst
surfaces i0e0 the alkenealuminium ion interaction
proposed by Webb (2291

CHAPTER 6

EXPERIMENTAL

61

Catalysts

6ll H=Ful
The HFu''l samples used in this study were obtained from
a single batch synthesized at the Catalyst Synthesis
Laboratories of Agricultural Division Imperial Chemical
Industries Limited Billingham0
The H=Fu=l sample batch was initially synthesized as
the sodium Fu-1 zeolite from a reaction mixture of the following
composition:
1264 Na 2 00 504(TMA) 200A1 203

0

5903SiO 2

0

3586 H 2 0

Solid silica (56,5g)was suspended in a mixture of
616 g of TMAOH solution in 700 g of water. Sodium aluminate
(28 g) and sodium hydroxide (135 g) were dissolved in 100 g
of water s and the resulting solution was stirred into the silica
suspension over a ten minute period. The total mixture was
agitated at a temperature of 453 - K in a one litre stainless
steel autoclave under twenty atmospheres pressure of nitrogen
for six days. The resulting solid phase was collected on a filter,
washed, and dried overnight at a temperature of 393 K.
This process gave Fu-1, a zeolite product of the following
composition:
0033 Na 2 00 103(TMA) 200Al 2 0 3

0

22 S'02-505H20

-

lii

-

The hydrogen form of Fu-1 was prepared by slowly heating
in air a sample of Fu-1 to a temperature of 723 K, and
maintaining this temperature throughout an overnight
calcination. The zeolite sample, after the organic cation
had been removed during the calcination period, was cooled
and ref luxed for five hours with 2 ml of 5% w/w HC1 in water
per g of Fu-1, filtered and washed with deinineralized water.
The dried product, H=Fu=l, had a diffraction pattern
negligibly different from that of the Fu-1 sample, and has
been introduced by Spencer and Whitta m 86

0

The diffraction

peaks observed were very broad, suggesting that H=Fu-1
occurred in small crystallites typically 100=500

R

in

diameter. The appearance of HFu-'l is that of a fine
white powder.
The X-ray diffraction pattern of certain H='Ful samples,
not produced in the batch examined in this present study,
have shown several additional lines due to the better
resolution associated with less line-broadening. These extra
lines corresponded to a ferrienteotype zeoiite 204

0

The

diffraction pattern of the H=Fu-1 sample employed in this
present study displayed many lines close in position to those
of ferrierite, but with very different intensities (205)

0

It has been suggested that these extra lines may not be
due to a physically admixed ferrierite, but to a small change
(205)
in the normal H=Fu-1 structure
0

The crystalline morphology of H=Fu=l, as shown by
electron microscope examination, consists of very thin
sheets that are considerably crumpled (see Figure 6.2.1).

Figure 6.2.1: H-Fu-1: x 130,000

pI

Figure 6.2:

H-Fu-1: x 35,000
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These sheet crystallites are about 100
than 1000

R

R

thick, and greater

in other dimensions. Since the bulk density of

uncompressed H-Fu-1 is about 05 g. /ml, and the electron
microscope pictures indicate that some of the H-Fu-1
crystallites are joined in a perpendicular fashion, a
greater number of the crystallites must be aggregated in a
more compact manner. Close examination of the electron
microscope photographs reveal chains of spherical particles,
with each particle being approximately 300

R

(see bottom left hand corner of Figure 6,22)

in diameter
Gard (206)

has reported that these spherical particles are most probably
the HoFu_l zeolite, and that the thin sheets (see Figure 621)
are of an amorphous nature.
The product composition of H-Fu-1 shows an excess of organic
cation over the aluminium content. This is not unusual in
zeolite chemistry since the organic cation can be in
chemical combination with either a hydroxide or silicate

anion.

During the calcination Qf Fu-1, 20% of the organic cation
was easily decomposed to trimethylamine and methanol.
The remaining tetra methyl ammonium cation was removed by
oxidative burnout at temperatures in excess of 673 K. If the
carbonaceous residues were not totally removed the H-Fu-1
zeolite was extremely hydrophobic: multiple regeneration and
exposure to water removed the hydrophobicity of the zeolite0
The S102 /A1203 ratio of H-Fu-1 has a lower value of 15
and an upper value of 35. This narrowly defined ratio
indicates that the presence of aluminium is of great

- 136

importance in the zeolite H='Fu1 retaining its structural
integrity. This is supported by the fact that little, if any,
aluminium was removed from the zeolite lattice by treatment with
fuming nitric acid. The HFul sample employed in this present
study, has a Si0 2 /Al 2 0 3 ratio of twenty-two. Some adsorption,
infra=red and catalytic studies on the H=Fu'1 zeolite have
already been described in sections 4.6.3 to 4.6.5.2
inclusively.

6 1 2
.

.

HZSM5

The IF='ZSM5 samples used in this study were obtained from
a single batch synthesized by published procedures (84)
at the Catalyst Synthesis Laboratories of Agricultural Division,
Imperial Chemical Industries Limited, Billingham0 The H'ZSM5
samples possessed a Si0 2/Al 2 0 3 ratio of sixty and were in a fine
white powdery form. The structure, adsorption properties and
catalytic properties of HZSM5 have been briefly discussed
in sections 4.5.1 to 4.5.3 inclusively.

6 1 3
.

.

Si0 2 A1 2

23

The Si0 2 A1 2 0 3 samples used in this study were obtained
from the Catalyst Synthesis Laboratories of Agricultural
Division, Imperial Chemical Industries Limited, Billingham0
The catalyst was issued in the form of pellets, although in
the majority of the experiments studied in this Thesis the
catalyst was examined while in powdered form. In order to
form the fine white powder the Si0 2 -A1 20 3 pellets were
ground in a pestle and mortar. The SiO 2 Al 2 O 3 samples
analyzed in this study were in the powder form unless otherwise
stated and possessed a Si0 2/A1 2 0 3 ratio of ten.
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Chemicals
The nitrogen, oxygen and hydrogen used in the operation of

the gas chromatograph system were obtained from the British
Oxygen Company and required no further chemical treatment.
But1-ene, trans but2-ene, cis but-2'ene and nbutane
were obtained from the Matheson Company, (insmall lecture
cylinders) with a stated purity of greater than 995% These
gases were thoroughly degassed prior to use by repeated
cycles of freezing, pumping and thawing.
The following compounds were used as potential poisons
for the isomerisatlon reactions over the catalysts employed in
this study:
Water: demineralized water was degassed prior to
use by repeated cycles of freezing, pumping and thawing.

Pyridine: pyridine was obtained from Fisons Limited
and degassed prior to use.
ammonia: ammonia was obtained from Air Products
Limited and degassed prior to use.
(c) Hydrogen Sulphide: hydrogen sulphide was obtained
from the British Oxygen Company Limited and degassed prior to use.

63

Apparatus

6.3.1 Gas Handing and Reaction System
The apparatus employed in this study is shown in
Figure 62 The reaction vessels normally used were made of
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pyrex unless the activation temperature of the catalysts
was 773 K or above, when silica reaction vessels were used.
Evacuation of the system was achieved by means of two
mercury diffusion pumps backed by two Edwards rotary vacuum
pumps (type 0D035)

0

Liquid nitrogen traps prevented

the diffusion of mercury vapour throughout the apparatus.
The glass ground joints were all sealed with Apiezon L°
grease so that a high vacuum (1 x 10 6 nun Hg) was maintained
in the apparatus and reaction vessels. The attainment of this
high vacuum ("sticking) was established prior to each
experimental analysis by use of a McLeod gauge.0 No experiment
was conducted if the McLeod gauge indicated an initial
apparatus pressure greater than 1 x 10 6 mm Hg. All other
pressure measurements necessarily made throughout the course
of this study were accomplished with use of the mercury
manometer (see Figure 6 2.)

0

The structure of the apparatus, as Figure 62, illustrates,
allowed for two catalyst samples in two separate reaction
vessels to be outgassed at any one time. The structure of the
gas handling apparatus further allowed separate experiments
to be conducted on each of the -two catalyst samples at
any one time.
The catalyst samples were outgassed (high temperature
evacuation over a period of time) by means of a silica
furnace thermostatically controlled through Fielden "Bikini
controllers (type TCB)

0

The length of time employed for the

outgassing of the catalyst samples was automatically controlled by
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a time clock. This time period was 15 hours unless otherwise
stated. The volumes of the relevant sections of the gas
handling system and the reaction vessels were established
so that the number of gaseous molecules in any section of the
system at any time could be calculated. The reaction
temperatures employed were established by means of constant
temperature

"slush-baths".

The "slush-bath"was formed by

the semi-freezing of an appropriate organic solvent
(or water for a required temperature of 273 K) with liquid
nitrogen. It was found that this provided a means of
holding a constant low temperature reaction. The constituents
and resultant temperatures of the "slush-baths" employed in
this study are given in Table 61 All reaction vessel
temperatures in this study were monitored by a thermocouple
placed in close proximity to the catalyst sample, via, an inset
placed in each reaction vessel.
Constituents of"Slush-Bath"

Constant Reaction Vessel
Temperature.

Methyl Benzoate and Liquid N 2

261 K

Carbon Tetrachloride and
Liquid N2

250 K

Bromo benzene and Liquid N 2

241 K

Water and Liquid N 2

273 K

Table 6.1 The constituents of the constant temperature
"slush-baths" employed in this study.
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Once the gaseous reactant molecules had been introduced
to the catalyst samples in each reaction vessel (see section 64),
gaseous samples were withdrawn from each reaction vessel at
appropriate time intervals by means of an evacuable sample
loop and analyzed by gas chromatography. Each sample withdrew
38% of the gas phase present in the reaction vessel at
the time of sampling.

6.3.2

The Gas Chromatosaphicpparatus
Ci) The Sampling Val u e and Sample Lo
The samples of gas, removed from each reaction vessel by

the sampling technique, were admitted to the gas chromatographic
column by means of a Carle Mini Volume Sampling Valve
(Catalogue Number 5518) connected to a single 02 ml sample
loop 249

The single-loop sampling valve configuration

required two value rotations (each at 600 to the normal) for
completing the sampling cycle of filling and injecting.
(ii) The Gas Chromatp rahic Column
The chromatographic column used for resolving the nbutane,
butlene, cis but'2ene and trans but2ene was 154 m of
032 cm outer diameter copper tube loaded with 35% propylene
carbonate on 60:80 Chromosorb P. The carrier gas employed
was nitrogen at an inlet pressure of 60 KNm
of the nitrogen was 169 mlmin 1

0

0

The flow rate

The temperature of the

chromatographic column was maintained at ambient room
temperature.
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The Flame Ionisation Detector
Supplies of hydrogen and oxygen were required for the
flame ionisation detector present in the F33 Perkin-Elmer
gas chromatographic system. The hydrogen was fed into the
carrier gas stream at the column outlet and issued from a jet
where it was ignited. The inlet pressure employed for both
Their flow rates
the oxygen and hydrogen was 20 KNm 2
l respectively0 The
m - and 214 ml mm
were 273 ml min
0

.

current conducted by the flame passed to the collector
electrode and was applied to the amplifier input. When the
gas phase sample component from the sample loop was eluted
from the column, the conductivity of the flame was increased.
The detector current was amplified in the Perkin-Elmer Model
(250)
F33 Gas Chromatograph Amplifier Unit
0

Siqnal Recording and Integration
Two output signals were obtained from the Amplifier
Unit. The first output was supplied to a potentiometer where
the signal was relayed to a chart recorder(251)

0

was supplied to a Hewlett Packard 3373B-Integrator

The second output
(252 where

it converted the gas chromatographic signal into digital form.
The integrator measured the peak areas generated by the
chromatographic detector and automatically printed the area
in micro-volt seconds on pressure sensitive paper. The
integrated peak areas were assigned to the various components
of the gaseous mixture introduced into the gas chromatographic
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column. This allowed a detailed analysis of the constituents of
the gas-phase in each of. the two reaction vessels.

64

Experimental Procedure
Typically ca. 005 g of hydrated catalyst was placed in

a reaction vessel that had previously been thoroughly cleaned
with liquid detergent and hot water, and dried in an oven at
343 K for 2 hours. The reaction vessel containing the catalyst
was attached to the gas handling system (see Figure 62) and
slowly evacuated. The catalyst temperature was raised to
the required activation temperature over a 30 minute period.
The catalyst was outgassed at this temperature under vacuum
for 15 hours.
After outgassing, the catalyst was cooled to the required
reaction temperature by means of the appropriate"slush-bath".
When the catalyst had acquired the constant temperature of
the"slush-bath", a known quantity of reactant (typically
ca. 25 x 10 20 molecules) was introduced into the dosing
volume (T 3

900000,

T 18 ) and frozen into the volume H (see

Figure 62) by use of a surrounding flask of liquid nitrogen.
Tap. T 5 was then closed, and the liquid nitrogen withdrawn.
Tap T 5 remained closed for precisely 2 minutes. During this 2
minute time period a known quantity (typically ca. 08 x 10 20.
molecules) of n-butane was introduced into the dosing
volume (T 3

,;0000000,

T 18

)0

After this 2 minute time period

had elapsed Tap T 5 was opened: this allowed for the free
mixing of the reactant and n-butane. The gases were mixed in
this way for 175 minutes and then depending on which

Figure 6.2: Gas handling and reaction system.

To McLeod

Tc
An
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reaction vessel was being employed (see Figure 62), the
process continued in the following fashion:
(i) Reaction Vessel V1
Having ensured that Tap T 18 was shut, Tap T 3 was
opened so that the reactant/nbutane mixture expanded into
the volume described by T 2

,000c000 0

T 18

0

025 minutes after the opening of Tap T 3 the
reactant/nbutane mixture was admitted into V 1 by the
opening of Tap T 2 ,
Tap T 2 was shut 05 minutes after the reactant/
nbutane mixture had been admitted into V, the final gas pressure
being noted on the mercury manometer. This final gas pressure
was common to both the reaction vessel and the gas handling
system.
(ii) Reaction Vessel V 2
A similar procedure was adopted for reaction vessel V 2 ,
although in this case the operation of Tap handling was
necessarily different.
The admission of the reactant/nbutane mixture into
each reaction vessel marked the initial starting time of the
analyzed catalytic reaction. The gas phase in each reaction vessel
was sampled every 10 to 20 minutes via the evacuable sample
loop and analyzed by gas chromatography: the first sample being
taken 3 to 4 minutes after the introduction of the reactant/
nbutane mixture. When it was decided to terminate the analysis,
the reaction vessel was removed from the gas handling system.
The used catalyst was stored, along with the inforntion received
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from the chart recorder and integrator, and the reaction
vessel cleaned as described previously.
The above procedure describes the essential method of
experimentation undertaken in this study. In order, however,
to examine the behaviour of the catalysts under varying experimental conditions (e0g0 the effects of varying the
catalyst activation temperature, or the adding of poison
molecules on the characteristics of catalytic activity),
several additions/modifications were made to the procedure
herein described, when required. These will be outlined
when appropriate.

65

Treatment of Data

65l The Calculation of the Reaction Rate Constant
The only products of the but-l='ene isomerisation over
the catalysts examined in this study were cis but2-ene and
trans but2-ene0 Knowledge of the peak areas for each
component of the sampled gas phase, and the sensitivity
factors of the analytical apparatus to each component,
allowed the individual component percentage of each sample
withdrawn from the reaction vessel to be established. All
the isomerisation reactions monitored throughout the
course of this study displayed first order characteristics.
By graphically plotting the natural logarithm of the % (c) of
the reactant in the gas phase with time (corrected to allow
for the thermodynamic equilibrium concentration (Ce) of the
reactant) on the abscissa with time on the ordinate, the
first order rate constant of each catalytic reaction could be
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evaluated from the resultant gradient. The first order rate
constants obtained from the first order plots were adjusted
in order to allow for any slight variation in the quantity
of but'lene introduced into each reaction vessel,

6 5 2 The Calculation of the Apparent Activation Energy
.

.

Reaction
The value of the first order rate constant, k/mm

1 , at

different reaction temperatures (T), can be equated to the
apparent activation energy (Ea/kJmol 1 ) by the Arrhenius
Equation (see Equation 6. 1)

0

log e k = loge A Ea/RT
where A

Pre-exponential Factor/min -1

R

Universal Gas Constant/Jmol 1K 1

T

Reaction Temperature/K

guation 61 The Arrhenius Equation

Thus a graphical plot of logk (abscissa) against the
reciprocal of the absolute reaction temperature (ordinate) will
provide a gradient with a value of -Ea/R. In this way the
apparent activation energy (Ea) can be established for any
particular reaction under consideration.

66 Mass Balance for the But1-ene Isomerisation
In order to monitor the total number of butene molecules
in the gas phase of the reaction vessel, throughout the course
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of the but'lene isomerisation over the catalysts employed in
this study, nbutane was introduced with the but-l-ene into
the reaction vessel to act,%an inert standard
For the nbutane to act as an effective inert standard
it must satisfy the following four conditions:
Condition 1: nbutane must not isomerize over the
catalyst sample under the chosen reaction conditions.
Condition 2: nbutane must not modify the isomerisation
of but-1-ene over the catalyst sample under the chosen reaction
conditions in any way (i0e0 reaction rate and product selectivity)
Condition 3: The extent of adsorption of the nbutane
over the catalyst sample must be negligible under the chosen
reaction conditions
Condition 4: The ratio of the total number of butene
molecules to the total number of n-butane molecules in the
reaction vessel must remain constant when there is no
catalyst sample present.
All these four conditions that have been listed above were
found to apply to the use of n-butane as an inert standard.
Thus any observed reduction in the ratio of the total number
of butene molecules in the gas phase to the number of n-butane
molecules in the gas phaseduring the but-l-ene isomerisation
over the catalyst sample,, can reasonably be interpreted as loss
of butene molecules to the catalyst sample. Knowledge of
both the initial number of but-l-ene and nbutane molecules
introduced into the reaction vessel at the commencement of the
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reaction thus allowed the total butene uptake by the
catalysts to be monitored throughout the course of the
reaction.
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CHAPTER 7
Reaction Characteristics of H-Fu-1, H- ZSM-5
and SiO 2 Al 2 O3 for the But-1-ene Isomerisation

701

Introduction
The aim of this chapter is to compare the activity of

H-Fu-1 7 HZSM-5 and Si0 2 -A1 2 0 3 catalysts for the but-1-ene
isomerisation under given conditions. The catalysts were
pretreated at 673 K for fifteen hours, unless otherwise
stated, and the reaction temperatures employed were in the
range 241-273 K.

70201ReactiOi Characteristics: Conversion Rates
Typical reaction paths for the but-1-ene isomerisation
over H-Fu-1 9 H-ZSM'5 and Si0 2 -Al 2 0 3 at 261 K are illustrated
in Figures 701(a) 7 (b) and (c) respectively. In all cases
the only products observed were cis but-2-ene and trans
but-2-ene0 The reversible first order plots for the
three catalysts for the but-l-ene isomerisation at reaction
temperatures in the range 241-273 K are shown in Figures
702(a), (b) and (c) respectively. Also shown in these
plots is the weight of the catalyst employed in each
experiment. These latter plots show that the but-l-ene
conversion over the three catalysts followed first order
kinetics in the conversion of but-l-ene0 The rate
constants obtained from the gradients of the first order

Figure 7.1(a):

Reaction path for but-1-ene isomerisation over H-Fu-1 at 261 K.
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Figure 7.1(b):

Reaction path for but-1-ene isomerisation over H-ZSM-5 at 261 K
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Figure 71(c):

Reaction path for but-1-ene isomerisation over Si0 2 -A1 2 0 3 at 261 K
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Figure 7,2(a):

First order plots for the isomerisation of but-1-ene over H-Fu-1
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Figure 72(b):

First order plots for the isomerisation of but-1-ene over H-ZSM-5
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Figure 7.2(c):

First order plots for the isomerisation of but-1-ene over Si0 2 -Al 2 0 3
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plots are given in Table 71 Table 71 indicates that
the order of the activity of the three catalysts for the
but=lene isomerisation under the reaction conditions
employed was Si0 2 =A1 2 03 ' H'=SM5 > HFul.

HFu1

Catalyst
Reaction
Temperature/K

Rate Constant
/min- 1 g

HZSM5
Rate Constant
/min 1g

Sio 21223
Rate Constant
/ming

273

1.22

2.05

309

261

053

1.12

096

250

0.,25

039

048

241

0,10

016

018

Table 71 First order rate constants for the isomerisation
of but-l-ene over HFul, HZSM5 and Si0 2 -Al 20 3
Catalyst pretreatment temperature: 673 K.

In order to establish the general reproducibility of the rate
data, the rates of the isomerisation of but1ene at 273 K
over separate HFu-1 samples pretreated at 673 K were examined.
The results obtained are shown below in Table 72
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Experiment

Table 72

Rate Constant/ming

1

1.22

2

1.62

3

1001

4

1.55

5

096

The reproducibility of the kinetic experiments:
the isomerisation of but1='ene over HFu-1 at
273 K.

Table 72 demonstrates that the maximum error associated
with the reaction rate constant reproducibility was not
greater than ±25%
The data from Table 71 can be used to construct an
Arrhenius plot for each of the three catalysts, as shown in
Figure 73 Consideration of the information given in
Table 72 allows error bars to be included on the Arrhenius
plots- given in Figure 73 The values of the apparent
activation energies (Ea) for the isomerisation of but=1ene
over the three catalysts were obtained from the slopes of
Figure 73, according to the Arrhenius Equation (see
Chapter 6)

These values are given in Table 73
Catalyst

Ea/KJmol 1

HFu-1

42 ± 2

H=ZSM-5

42 ± 5

S40 2 -A1 20 3

47 ± 3
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Table 73 Apparent activation energies (Ea) for the
isomerisation of but='lene over HFul, HZSM=.5
and SiO 2 =-Al 2 O3

0

Catalyst pretreatment temperature'.:

673 K.

7 2 .2
.

Reaction Characteristics: Product Se1ectivit
Figure 74 demonstrates the change in the cis/trans

product ratio in the gas phase with reaction time for the
butlene isomerisation over HFu1. HZSM5 and SiO 2 -Al 2 O 3
at 241 K. The dotted lines in Figure 74 represent
the extrapolation of the product ratio curve to zero time,
in order to determine the reaction product selectivity
at zero butl'ene conversiOn:

i.e. (cis/trans) 0

0

The reduction of the cis/trans ratio as the reaction time
increased (i0e0 with increasing conversion of but1ene)
indicates that the initial product ratio was kinetically
control1ed 208 ' 209

0

The selective nature of the

isomerisation can also be established by comparing the observed
(cis/trans) 0 values with the corresponding thermodynamic
equilibrium values at the relevant reaction temperatures.
This comparison is made in Table 74, and shows that the
product ratios obtained from the isomerisation of but1ene
over the three catalysts were subject to kinetic control,
with more cis but-2ene initially formed than the
equilibrium calculations indicate.

Figure 7.3:

Arrhenius plots for the isomerisation of but-l-ene over H-Fu-1, H-ZSM-5 and
Si0 2 -A1 2 0 3 ,
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Figure 7.4:

The (Cis/Trans) product ratio with time for the but-1-ene isomerisation at
241 K over H-Fu-1, H-ZSM-5 and Si0 2 -A1 2 0 3 ,
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Reaction
nparature/K

(Cis/Trans) 0
HFu-1

(Cis/Trans)

(Cis/Trans)

HZ-5

Si02 -Al 203

(Cis/rrans)
Equilibrium

273

1.22

0095

090

023

261

165

087

078

021

250

148

107

1.21

020

241

165

086

078

0019

Table 704 Initial product ratios obtained over H-Fu-1, HZSM5
and Si0 2 Al 20 3 for the but1-ene isomerisation0
In order to establish the general reproducibility of this
product ratio data, the initial (cis/trans) 0 ratios were
established for the isomerisation of but-1-ene at 273 K over
separate H-Fu'1 samples pretreated at 673 K. The results
obtained are shown below in Table 75

Experiment

(Cis/Trans) 0

1

1.22

2

1.15

3

144

4

142

5

1.31

Table 75 The reproducibility of the (cis/trans) 0 product
ratio for the isomerisation of but-l-ene over
H-Fu-1 at 273 K.
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Table 7.5 demonstrates that the maximum error associated
with the (cis/trans) 0 product ratio reproducibility was not
greater than ±12%.

7.2.3

Reaction Characteristics: Butene Adsorption
During the isomerisation of butl-ene over H-Fu-1,

H-ZSM-5 and Si0 2 -A1 2 0 3 , the total pressure of butenes
(i.e0 but-l='ene plus cis but2ene plus trans but2=ene)

present in the gas phase of the reaction vessel was observed
to decrease as the reaction proceeded, the loss of molecules
due to sampling having been taken into account. The decrease
of the total number of butene molecules was attributed to
the uptake of butene molecules by the catalysts, since no
butene loss from the gas phase was observed when there was no
catalyst in the reaction vessel.

The typical profiles obtained for the total butene
adsorption (no difference was observed between the isomers)
by the three catalysts at 250 K (illustrated by Figure 7,5),
indicate that in each case there was an initial rapid uptake
of butene molecules, followed by a much slower uptake to
a limiting value. These adsorption profiles are typical for
all the reaction temperatures examined. Figure 7.5 demonstrates
that the limiting values of the butene adsorption by H-Fu-1,
H=-ZSM-5 and Si0 2 -Al 20 3 at 250 K were "4 x i0 20 , 49 x 10 20
and 5 x 1o 2° butene molecules per gram of catalyst respectively.
The limiting values for the adsorption of butene molecules

Figure 7.5:

The adsorption of n-butene molecules by H-Fu-1, H-ZSM-5 and
Si0 2 -A1 2 0 3 at 250 K
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by the three catalysts at different reaction temperatures are
given in Table 76

Reaction
Temperature/K

Limiting

Limiting

Limiting

Adsorption

Adsorption

Adsorption

by H-Fu-1

by H-ZSM-5

by Si0 2 -A1 20 3

xlO 20

xlO 20

butene
molecules
=1
gin

butene
molecules

xlO

20

butene
molecules
gin

273

305

261

49

250
241

'..4
31

62

gin

31

".3
49

500

51

400

Table 76 Limiting values for the adsorption of butene
molecules by H=Fu-1, H-ZSM-5 and Si0 2 -A1 20 3
during the isomerisation of but-l-ene0

Table 76 demonstrates that the limiting values for the
adsorption of the butene molecules by the three catalysts
from the gas phase were independent of the reaction
temperature studied.
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7,24

Discussion
The similar values of the apparent activation energies (Ea)

for the butl-ene isomerisation over HFul, H-ZSM-5 and
Si0 2 -A1 20 3 imply that the reaction mechanisms occurring
over the three catalysts were probably the same (166)
The value of the activation energy for the isomerisation
of butlene over Si0 2 -Al 2 0 3 is in close proximity to the
value of 37 KJm01 quoted in the literature for the same
reac ti on (41)
If the rate of the but-l-ene isomerisation over
SiO 2 Al 2O 3 is assumed to be an intrinsic rate (see section 85),
then comparison of Tables 71 and 42 indicates that the
observed first order rate constants for the zeolites are
lower than would be expected from consideration of the
number of active sites present. This could be rationalized
in terms of one or more of the following factors:
Only a fraction of the active sites of the zeolites
participated in the reaction as a consequence of pore size
contra ints,
The strength of the active sites of the zeolites
are lower than those of SiO 2 Al 2 O3 ,
or (c) The reaction rates observed for the zeolites were
influenced by a diffusion limitation (of reactant or product),
a limitation characterized by the zeolite structures, or by
partial/total pore-mouth blocking.
Since the effectiveness factor of Si0 2 -Al 20 3 can be
considered as unity (see section 85), the observed apparent

- 166 activation energy will be the apparent activation energy for
the chemical reaction. If the reaction over H-Fu1, for
example, was strongly influenced by diffusion. (i0e0 effectiveness
factor <<1), then the observed activation energy will
equate to the sum of (diffusion activation energy/2) plus
(reaction activation energy/2) (103,253)

If the mechanism

of the but1ene conversion over H=Ful was the same as
that for Si0 2 -Al 2O 3 , with the same activation energy, then
the reaction activation energy of HFu-1 would be about
the same as the diffusion activation energy. If the observed
reaction rate over H-Ful was diffusion-controlled, then
adoption of the criteria employed by Weisz et al (104,189)
to the HFu-1 zeolite of about 100

R

crystallite radius

(see Chapter 6), with an observed first order rate constant

m - 1 g at 273 K (see Table 7l), would produce
of 122 min
an upper limit for the diffusivity of butlene through
2
HFu1 of about 1 x 10 l4 cm second- l 0 Ruthven (188) has
reported that the diffusion coefficient of butlene for
2
-1
zeolite 5 A was 53 x 10'12 cm second at 298 K.
(254) have also reported that the diffusional
Ruthven et al
activation energies for but-lene, trans but2-ene, and
cis but2ene over zeolite 5A were 145, 145 and 386 KJmol 1
respectively. The larger value for cis but-2ene could
indicate that in a small pore zeolite system the diffusional
activation energy of cis but-2ene product will contribute
to the observed activation energy for the but-l-ene
conversion

- 167 -

If the reaction over the zeolites was not influenced
by diffusion, so that in fact only intrinsic kinetics
were observed, it is conceivable that only certain regions
of the zeolites were accessible to the but-l-ene molecules.
(Vedrine etai(20U have reported that this feature is
characteristic of H-ZSM-5 for the adsorption of pyridine).
If this was the case then reactant shape-selectivity was in
operation (see section 4.3). If the first order rate constant
observed over HFul is taken as unity at each reaction temperature studied, then the average rate constant values for
H-ZSM-5 and Si0 2 -A1 20 3 would respectively be 17 and 20
by ratio (see Table 71)

0

If the active sites on the

three catalysts are of the same type and of equal strengths,
then the number of active sites per gram of catalyst
participating in the but=1-ene isomerisation (assuming
that all the sites of SiO 2 A1 20 3 were participating in the
isomerisation of but1-ene) were calculated from consideration
of Table 42 and are given below.
SiO 2 A1 20 3 :

12 x 10 20 active sites per gram.

H-Fu-1:

60 x 1019 active sites per gram.

H-ZSN5:

100 x 10 20 active sites per gram.

These values are similar to the number of sites
available for pyridine chemisorption (see section 4632),
which perhaps suggests that the observed H-Fu-1 activity
was confined to those sites accessible to pyridine.
The (cis/trans) 0 values obtained for Si0 2 --Al 2O 3 and
H-ZSM-5 are consistent with a reaction mechanism involving

- 168 -

the sec-butyl carboniuzn ion (19.3208,213,214,215) as a
reaction intermediate (see section 51,2)

If the reaction

proceeded by the butenyl (allylic) carbonium ion (over
Lewis acid sites) then higher (cis/trans) 0 values would
be expected(4U0 The observation (see Table 7,4) that
the (cis/trans) values over Si0 2 A1 2 0 3 and H-ZSM5 were
independent of temperature is also believed by Jacobs et al (193)
and Hightower and Hall (208), to be consistent with a sec
butyl carboniuin ion mechanism. The (cis/trans) 0 values
observed over Si0 2 -A1 203 and H-ZSM-5 are not consistent
with a pi-complex mechanism 21 212) (see section 512),
but are consistent with a Bronsted acid catalyzed reaction
involving a sec-butyl carbonium ion as the reaction intermediate.
The higher (cis/trans) 0 values observed for H-Fu-1,
with respect to both Si0 2 -A1 20 3 and H-ZSM-5, can perhaps be
rationalized by one or more of the following explanations:
The but-1-ene isomeriation was not catalyzed by
Bronsted acid sites, but by Lewis acid sites. This is unlikely,
however, due to the reaction temperature independence of the
(cis/trans) 0 values observed (see Table 74) (193,208),
The selective adsorption of trans but'2-ene
(259),
(4,95) with respect to cis but-2-ene (558.
Chen and Weisz

(255)showed that in calcium A zeolite the

rate of diffusion of cis but-2-ene was some 200 times
slower than that of trans but-2-ene,
H-Fu-1 exhibited restricted transition state
selectivity in favour of cis but-2-ene with respect to
trans but-2-ene (see section 4.3.4).
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From consideration of explanations (a) to (c) inclusive
it is perhaps possible (due to the similar apparent activation
energies (166)-and reaction characteristics with Si0 2 ='A1 20 3 )
that the reaction mechanism for the isomerisation of but-lene
over HFul involved a Bronsted acid catalyzed reaction (a)
leading to a (cis/trans) 0 value of unity, with the zeolite
structure ((b) or (c)) lending a higher value to the actual
initial product ratio observed.
Figure 75 shows that the initial rate of adsorption
of the butenes was independent of the catalyst being studied.
Consideration of the Gurvitsch Rule (256) and the adsorption
data given in Table 76, indicates that the total micro pore
volume of HFu1 accessible to the butene molecules was about
006 cm, 3g, assuming the liquid density of but1='ene
(05951 g cm 3 ) for the adsorbed phase. This is in agreement
with the results shown in Table 41, and thus perhaps indicates
that the but1'ene molecules were accessible to those regions
of the zeolite accessible to water, ammonia, methanol and
nhexane 86

0

This suggests a diffusion-controlled

isomerisation of but1=ene over H-Fu1, similar, indeed, to
the conclusions postulated for the same reaction over
clinoptilolite (139)

7.3.1

0

Cat al y s t Deactivation: Part I
At the end of the first isomerisation runs (hereafter

referred to as "Run (1)") on W=-Fu1, H=-ZSM-5 and
SiO 2 =Al 2 O 3 , of typically 60-80 minutes duration, the results of
which are recorded in sections 721, 2 and 3, each catalyst
was evacuated for thirty minutes at the original reaction
temperature. It was anticipated that this treatment would be
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sufficient to remove all gaseous molecules from the reaction
vessel and any physically adsorbed molecules from the
catalysts. (It will be seen in section 7.3.4 that this
latter assumption was probably not entirely valid)

When

0

this evacuation period was completed, but1-ene was readmitted into the reaction vessel containing the catalyst
at the original reaction temperature. The subsequent data
recorded for this second run (herafter referred to as "Run (2) 11

)

were treated in the same way as those for Run (1). Table 77
demonstrates that for each catalyst studied the first
order rate constants (k 2 ) established for Run (2) were
reduced with respect to the first order rate constants (k 1 )
for Run (1). The ratio of these first order rate constants
(k 2/k 1 ) is also shown(in Table 707)for each reaction temperature
studied.
HFul

Si0 2 Ail 20 3

HZSM5

Reaction
Temperature/K

k2

(k 2/k 1 )

k2

(k 2/k 1 )

(k 2 /k 1 )

273

030

024

057

028

162

052

261

013

024

038

0034

051

053

250

004

015

012

031

016

034

241

002

015

006

037

006

033

Table 77

First order rate constants (k 2 ) for Run (2), with
accompanying (k 2/k 1 ) ratios, for the butlene
isomerisation over HFu-1, HZSM5 and Si0 2 A1 20 3

(q) Units of first order rate constant: ming0

0
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Table 77 demonstrates that all three catalysts were
significantly deactivated by the presence of butene molecules
during Run (1)

All the Run (2) isomerisations of butlene

followed good first order kinetics. The Arrhenius plots
for the Run (2) but='lene conversions over the three catalysts
(see Figure 76) give apparent activation energy values (Ea),
see Table 78, that do not markedly differ from those given
in Table 73 for the Run (1) conversion.
Catalyst

Ea/kJ mol 1

Hu-Fu-1

52 ± 2

HZSM-5

41 ± 5

Si0 2 =oAl 2O 3

56 ± 2

Table 708 Apparent activation energy values (Ea) for the
isomerisation of butl-ene over HFu1 7 H.=ZSM5
and Si0 2 -Al 20 3 during Run (2)
Tables 79 and 710 compare the product selectivities
and the limiting butene adsorption values for Runs (1) and
(2) observed over the three catalysts. Table 79 shows that
the (cis/trans) 0 values observed for Run (2) were generally
lower than those values observed for Run (1) in the case of
the two zeolites (except at a reaction temperature of 241 K
for H-Fu'l), and not significantly changed in the case of
Si0 2 -Al 2 0 3

0

Table 710 demonstrates that the limiting

butene adsorption values for Run (2) over H-Fu-1 and
H-ZSM-5 were consistently lower than those observed for
Run (1). No significant difference was observed between
the limiting butene adsorption values for Run (1) and Run (2)
over Si02-A12030

Figure 7.6:

The Arrhenius plots for the Run (2) isomerisation of but-l-ene on
H-Fu-1, H-ZSM-5 and SiO..-AlO
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HZSM-5

H-Fu-1

Reaction
Temperature/K

1
(cis/trans) 0

2
(cis/trans) 0

1
(cis/trans) 0

--Si0 2 Al 2O 3

-

1
(cis/trans) 0

2
(cis/trans) 0

2
(cis/trans) 0

273

1.22

0.80

095

1.03

090

0,73

261

1,65

081

0,87

065

078

L29

250

1.48

128

107

043

121

0,98

241

L65

2.60

086

0000

078

0,81

Table 7,9

Comparison of the (cis/trans) 0 values of Run (1) [ (cis/trans)] and Run (2) 1 (cis/trans)]
for the but-l-ene isomerisation over H-Fu-1 9 H-ZSM-5 and Si0 2 -A1 20 3

L0V(l) (q)

A

S10 2 -A1 20 3

H-ZSM--1

H-Fu-1

Reaction Temperature

L0V0 (2) (q)

L0V0 (1)

(q)

0

10v0

(2) (q)

H
-4

( q ) FL.V. (2) (q)
L0V0 (1)

273

305

23

62

45

31

33

261

4,9

305

'3

15

''4

47

250

',4

2,3

4,9

403

50

500

241

31

0,7

51

48

40

404

1

1

Table 7,10 Limiting butene adsorption values (L0V0) observed over H-Fu-1 9 H-ZSM-5 and S ' 0 2 -A '20 3 :
a comparison of Run (1) and Run (2).
(q) : L.V. : number of butene molecules x 10 20 per gram.
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Cataly s t Deactivation: Part II
The aim of this section is to establish how the surface

areas of the zeolites were changed by the adsorption of butl-ene
under the same conditions that were employed in the isomerisation
reactions.
The surface area measurements were conducted ona BOEOTO (30)
constant volume apparatus (which has been described elsewhere (257)) using nbutane as the adsorbate, due to the close
proximity of the critical diameter of this molecule (51 )
with that of butl-ene (495

)° The zeolites were pre-

treated in vacuo in the temperature range 623 775 K for
15 hours. Previous experimental work had established that
the surface areas of the zeolites were approximately constant
in this pretreatment temperature region (see section 9.2).
The zeolites were cooled to a temperature of 273 K, and then
exposed to a pressure of butl'ene in a known volume for
five minutes. At the end of this adsorption period the
residual but1-ene pressure was noted, and the catalysts
were evacuated for thirty minutes at 273 K to remove the
gaseous butene molecules, and probably any physically
adsorbed butene molecules in the zeolites0
This process, simulating the evacuation procedure carried
out during the but-l-ene isomerisation (see section 731),
enabled the maximum number of but-1-ene molecules adsorbed
by the zeolites to be established. The n-butane surface
areas of the zeolite plus adsorbed butene systems were
then established at 273 K. The cross-sectional area of the
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Tuperature

Volune of
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m29 1
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2g

-

3053

-
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prior to surface area deterinination0
0

3912

-

2545 x
10 6

value for area

molecule molecule

(m3)
H-Fu-1

(g2

1266

3218

95007

0

2609

3218

4609

68 x 1o20
0

0

529

32,18

188,08

0

120,8

32,18

82,35

85 x 1020

Table 711 The n-butane surface areas of the zeolite plus adsorbed n-butene system at 273 K for
H=ZSM=5 and H'-Fu-1,

Figure 7,7(a):

The effect of adsorbed butene on the adsorption of n-C 4 H 10 by
H-Fu-1 at 273 K
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The effect of adsorbed butene on the adsorption of n-C 4 H 10 by
H-ZSM-5 at 273 K.
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n=butane molecule (3218

2) employed in the surface area

calculations was determined from knowledge of the liquid
-3
density of n-butane at 273 K: i.e. 06012 gcm
The n-butane surface areas, before and after the adsorption
of but-1-ene on the zeolites at 273 K are given in Table 711
The results given in Table 711 indicate that the surface
areas of the zeolites after adsorptionof but-l-ene and
subsequent evacuation,were substantially reduced(by 48% and
44% of the original surface areas of H-Fu=1 and H-ZSM-5
respectively) Figures 707(a) and (b) illustrate how the
prior adsorption of butl-ene reduced the volume of n-butane
adsorbed by H-Fu-1 and H-ZSM-5 respectively.

7.3.3

Catalyst Deactivation: Part III
The results given in section 731. and 7.3.2 suggested

that the activities of H-Fu-1, H-ZSM-5 and Si0 2-Al 20 3
catalysts were considerably reduced upon exposure to but-l-ene
molecules.. The surface measurements given in Table 711
indicate that the loss in activity of the zeolites could
perhaps be attributed in part to the concurrent loss
in surface area upon the adsorption of but-lene0 The loss
of the activity of acidic catalysts upon exposure to
but-1-ene has been widely reported in the literature

(41,139,193)

The aim of this section is to examine the deactivation of
each catalyst, and to establish the temperature of catalyst
evacuation required to restore the original catalyst activity.
At the termination of the first but-l-ene isomerisation
run at 273 K (Run (1)), the three catalysts were evacuated,

0
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as described in section 731, and Run (2) was recorded.
The evacuation of the catalysts for thirty minutes at the
same reaction temperature of 273 K at the termination of
Run (2) allowed further analysis during Run (3), and so on for
Runs (4) and (5)

At the termination of Run (5) for H='Fu-1,

the catalyst was evacuated at 673 K for 15 hours and Run (6)
was recorded, again at a reaction temperature of 273 K. At
the termination of Run (4) for HZSM-5, the catalyst was
evacuated at 673 K for 15 hours. At the termination of
Run (5), HZSM-5 was evacuated at 473 K for thirty minutes,
and the subsequent Run (6) data was recorded. In the case
of Si0 2 =Al 2 03 , however, the catalyst was evacuated at 473 K
for thirty minutes after Run (4) prior to the recording of
All the but=1='ene isomerisations

the data for Run (5)

were carried out at 273 K over the three catalysts.
Tables 712,. 713 and 714 illustrate the results obtained
for HFu-1, H=ZSM-5 and S10 2 -A1 2 0 3 respectively. In each
table there is included the cumulative time (T) of catalyst
exposure to butIene molecules in the gas phase.
Evacuation
Triperature

Run
'lunfoer

T
(mins)

/K

First Order
Rate Constant
min-1 9

%

Origiria].
Activity

L.V.
(molecules
g 1)

(cis/trans)

1

673

0

122

100

35 x 10 20

122

2

273

612

O30

244

23 x 1020

080

3

273

1202

013

107

25 x 10 20

0,33

273

1800

018

151

24 x 1020

020

5

273

240O

012

94

20 x 10 20

O20

6

673

095

775

33 x 102°

1.20

1
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Table 7,12 Run (1) to Run (6) for the but-l-ene isomerisation
over H-Fu1 at 273 K. Catalyst pretreatement
temperature: 673 K.

The first order rate plots given in Figure 78 for the data
given in Table 712 indicate that as the number of isomerisation
runs on the same sample of HFu-1 increased, the observed
first order rate-constants decreased to an approximate constant
value. Table 712 and Figure 78 indicate that the
evacuation of the H'Ful zeolite at 673 K for 15 hours (Run (6))
restored the original catalyst activity, the original limiting
adsorption value (L0V0) for the number of butene molecules
adsorbed, and the original (cis/trans) 0 ratio. Table 712
demonstrates that the (cis/trans) ratio decreased as the
number of runs on the same sample of H-Fu-1 increased.
The profiles for the (cis/trans) ratios obtained with
reaction time are shown in Figure 79 Figure 79 indicates
that as the activity of HFu-1 decreased the (cis/trans) 0
value also decreased. The original (cis/trans) 0 ratio was
restored upon evacuation at 673 K for 15 hours.
The results for Run (1) to Run (6) over H-ZSM-5 are
shown in Table 7.13.The first order plots and (cis/trans)
ratio profiles are shown in Figures 710 and 711 respectively.
Both Figures 710 and 711 display the same reaction
characteristics as those shown by H-Fu-10 Table 713
indicates that the original activity of H-ZSM-5 was restored
upon evacuation at 473 K for thirty minutes. Concurrent with
the return of the original catalyst activity was the return of
the original limiting adsorption value and the original
(cis/trans) 0 product ratio.

Figure 7.8:

Run (1) to Run (6)for the but-1-ene isomerisation over H-Fu-1 at 273 K
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Run
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T
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Table 713 Run (1) to Run (6) for the but1-ene isomerisation
over H-ZSM5 at 273 K. Catalyst pretreatment
temperature: 673 K.
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Table 714

T
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% Original
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/imth1g1
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g0l

(cis/trans) 0
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10000

31 x 1020
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850 1

Run (1) to Run (5) for the but-1-ene isomerisation
over SiO 2 Al 20 3 at 273 K. Catalyst pretreatment
temperature: 673 K.

Figure 7.10: Run (1) to Run (6) for the but - 1 - ene isomerisation over H - ZSM - 5 at 273 K.
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The (cis/trans) product ratios of Run (1) to Run (6) for the But-1-ene
ISomerisation over H-ZSM--5 at 273 K.
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Run (1) to Run (5) for the But-1-ene Isomerisation over Si0 2 -A1 2 0 3 at 273 K
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The cis/trans product ratio of Run (1) to Run (5) for the But-1-ene
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The first order plots and (cis/trans) product ratio
profiles for the Run (1) to Run (5) isomerisation of but='l-ene
over Si0 2 A1 2 03 , shown in Figures 712 and 713 respectively,

demonstrate that the (cis/trans) 0 values were probably
unchanged as the degree of catalyst deactivation increased.
The original catalytic activity was restored by evacuation
at 473 K for thirty minutes.

7.3.4

Catalyst Deactivation: Part IV
The results from section 7.3.3 suggested that the

activity of the three catalysts could be restored to their
original value at temperatures that were much lower than
those temperatures typically used to remove hydrogendeficient "coke" species from catalyst surfaces (258)

0

The

positive result produced by evacuating the Si0 2 -Al 20 3
catalyst at 473 K suggests, indeed, the removal of butene
polymer from the catalyst surface (see Chapter 5) (225, 230,238)

0

The aim of this section is to establish at precisely what
evacuation temperatures the original activities of H-Fu-1,
H-ZSM-5 and Si0 2 -Al 20 3 could be restored. The evacuation
temperature employed between each successive isomerisation
run (see section 733.) on the same catalyst samples was
gradually increased until the original activities of the
catalysts were restored. The effect of the evacuation
temperature on the activity of deactivated samples of
H-Fu-1, H-ZSM-5 and Si0 2 -A1 2 0 3 are shown in Tables 715,
716 and 7.17 respectively.
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Evacuation
¶Lnperathre
/K

RM

Number

Time of
Evacuation
/hour

First Order
Rate Constant
/min 1 9 1

Original
Activity

%

(cis/trans) 0

1

673

1500

025

10000

148

2

250

05

O04

153

128

3

393

05

007

29,4

1.46

4

423

0,5

007

278

147

5

463

005

019

774

1.72

Table 715 The effect of increasing the evacuation temperature
on the subsequent activity of HFu-10 Reaction
temperature: 250 K.

Evacuation
Temperature
/K

Number

Time of
Evacuation
/hour

First Order
Rate Constant
/rning

Original
Activity

%

(cis/trans) 0

1

673

150

039

1000

107

2

250

05

012

309

043

3

393

05

006

157

078

4

423

05

0010

250

112

473

O5

0.44

1139

1

Table 716

The effect of increasing evacuation temperature on
the subsequent activity of H-ZSM-50 Reaction
temperature: 250 K.
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Run
lumber

Evacuation
Tperathre
/1<

1

673

2

241

3

Tints of
Evacuation
,'hour
15

First Order
Pate Constant
-1
/nu.n-1g

Original
Activity

%

(cis/trans) 0

0,18
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05

006

333

081

323

05

0010

547

080

4

373

05

0.11

580

078

5

423

005

011

569

084

6

448

05

016

901

0.90

463

05

019

106.6

094

488

005

021

115.5

C. 97

8

1

Table 717 The effect of increasing evacuation temperature
on the subsequent activity of Si0 2 -A1 20 3 ,, Reaction
temperature: 241 K.

Tables 715-717 inclusive show that the activity of the
three catalysts was restored at evacuation temperature ranges
of 423-463 K for H-Fu1, 423-473 K for H-ZSM-5 and 423-448 K
for Si0 2 -A1 2 0 3 respectively. This deactivation phenomena for

Si0 2 ='Al 2O 3 in the presence of but-l-ene has been reported by
several authors (223227,228), and is widely attributed to the
presence of polymeric butene0 Several authors have established
the removal of polymeric butene from Si0 2 -Al 2 0 3 225 ' 230 and
zeolites 238 by evacuation at about 500 K. It is apparent
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that the presence of the butene polymer on the three
catalysts did not lower the (cis/trans) 0 ratios observed
when the evacuation temperature employed was in excess of the
actual reaction temperature. Indeed, both Tables 715 and
716 indicate the (cis/trans) 0 ratios were lower for Run (2)
than for Run (1), but that the original (cis/trans) 0 ratios
were restored upon evacuation at 393 K. This is in contrast to
the results obtained in Tables 712 and 713, where the

(cis/

trans) 0 ratios were observed to decrease as the number' of
runs on the same zeolite sample increased, the evacuation
temperature between each run being that of the reaction
temperature (see section 773)

Since the only difference

between the two separate series of experiments was that
the evacuation temperature was continually increased in one
of them, it is concluded that the evacuation procedure
involved in this section desorbed two types of adsorbed
butene from the zeolites. At lower evacuation temperatures
(about 393 K) weakly adsorbed butene was removed, and at higher
evacuation temperatures (423o473 K) polymeric butene was
removed. Since the presence of weakly adsorbed butene (if it
was not desorbed by evacuation at the reaction temperature
of 273 K) did not affect the (cis/trans) 0 values over
Si0 2 -Al 2 0 3 (see Table 714) it can perhaps be concluded that
the presence of weakly adsorbed butene seriously affected
the (cis/trans) 0 values over H-Fu-1 and H-ZSM-50 This indicates
that the observed reaction selectivity was perhaps considerably
influenced by the channel structures of the zeolites. The
comparison of the deactivation of each catalyst as the number of
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isomerisation runs on the same sample increased, indicates
that the catalysts that have undergone relatively high
temperature evacuation (Tables 715-717) were not generally
as deactivated as those that have experienced a constant
temperature evacuation (Tables 712-714)

This indicates

that weakly adsorbed butene molecules also contributed to the
observed deactivation of the catalysts.

74

Discussion
The results presented in sections 7.3.3 and 7.3.4 are

consistent with the formation of polymeric butene on HFu='l,
H-ZSM5 and Si0 2 -Al 20 3, upon the introduction of but-l-ene'0
This conclusion is further supported by the observation of
polymeric butene in the infra-red spectra upon the adsorption
of butlene by H-Fu-1 (see section 7.5). This polymeric
butene deactivated the zeolites to a larger extent than
SiO 2 =Al 2 O 3 , suggesting that perhaps a considerable amount of
pore blocking had occurred. The decay of the activity of the
zeolites and Si0 2 -Al 2 0 3 -with the cumulative time (T) cf
exposure to but-l-ene (see section 733) is shown in
Figure 714,
There are indications that the presence of weakly
adsorbed butene (not polymeric since removed by evacuation at
393 K

38 ) also deactivated the catalysts, and affected

the product selectivities observed for the but-l-ene conversion

Figure 714:

The Deactivation of H-Fu-1, H-ZSM-5 and Si0 2 -A1 2 0 3 as the cumulative time (T)
of catalyst exposure to but-l-ene at 273 K increased
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over only the zeolites0 This is further evidence that the
isomerisation was perhaps taking place within the pore structures
of the zeolites0 The steady state activity of H-Fu-1 of about
10% of the original activity (see Figure 714) is in agreement with the following ratio supplied by Tables 42 and
43:

Number of Active Sites outside pore constraint of 525.3

R

per gram

Total Number of Active Sites of H-Ful per gram
6 x 10 19
=

= 10%
6 x 10 20

This suggests that perhaps the initial activity of H-Ful
for the but1ene isomerisation can be ascribed to the total
number of active sites of the zeolite, while the steadystate activity is compatible with those sites external to
the 5253

R

restricted region of the zeolite0 This assumes

an equivalent strength to all the active sites of the
zeo1ite This is in contrast to the discussion of section 724
where the possibility of the isomerisation taking place on only
the relatively unconstrained sites of H-Fu='l was considered.
Figure 714 demonstrates that H-Fu-1 and H-ZSM-5 were initially
deactivated at the same rate under the same reaction conditions,.
This suggests that some aspects of the H-ZSM-5 channel
structure (see section 452) might not be dissimilar to
those of H-Fu-10 The equivalent percentage loss of the
n-butane surface area by H-Fu-1 and H-ZSM-5 upon the adsorption
of but-l-ene at 273 K also enforces this point. The n-butane
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surface area of H-ZSM-5 was, however, larger than that of
H-Fu-1 (see section 732), even though the nitrogen surface
area of the latter was greater than the former (see Tables
901(a) and

(b))0

Many authors (18,41,223-235) have reported that the but-l-enè
isomerisation over Si0 2 -A1 20 3 takes place over polymeric
carbonium ions on the catalyst surface. This phenomenon has
been extensively discussed in section 52 The general
conclusion was that only a very small fraction of the surface
hydrogen of Si0 2 -Al 20 3 (02%) (227,228) was present in the
but-2ene products. There is agreement between the temperature
of polymer evacuation in the literature of 473 K 229 ' 23° and
the values observed in sections 7.3.3 and 7.3.4 for H-Fu-1,
H=ZSM-5 and Si0 2 -A1 20 3

0

Since the butene polymer appeared to

be similar in character on all catalysts studied, equal
rates of reaction would be expected for Si0 2 -Al 2 03 and the
zeolites in their steady-states of activity, if the reaction
was occurring over the polymeric residue as reported in the
literature. This point is not definitive, however, since
the catalytic activity of butene polymeric residues on zeolites
has not been reported. Many authors, however have quoted
the steady-state activities of zeolites for the but-l-ene
isomerisation

39 ' 86 ' 193 ' 237 (see section 5.3). Since both

H-Fu-1 and H-ZSM-5 perhaps both possess micropores (52 ),
the presence of butene polymer within the pores would probably
render them totally inaccessible. Thus the lower steady
state activities observed for H-Fu-1 and H-ZSM-5, with respect
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to Si0 2 -A1 2 0 3 , were probably not due to a diffusion controlled
reaction on the butene polymer within the micropores (<52 R)
of the zeolites0 Detrekoy and Jacobs (139, 237) , indeed, have
reported (see section 53) that the diffusion-controlled
isomerisation of but1ene on H-clinoptilolite (705 x 425
channels only relevant) probably occurred essentially on the
external surface of the zeolite, since the zeolite channel
active sites (hydroxyl groups) were covered by the irreversible
adsorption of polymeric butene0 Even though the authors
did not comment on the potential activity of the butene polymer,
they observed that only a small fraction of the adsorbed
butene could be desorbed at 373 K. Weeks and Bolton (238)
have observed that the butene adsorbed on hydrogen Y zeolite
could not be physically desorbed at room temperature. This
is consistent with the limited removal of weakly desorbed
butene from H-Fu-1 and HZSM5 at about 400 K, as indicated
in Tables 715 and 716 respectively.
The high (cis/trans) 0 values observed for H-Fu-1
perhaps suggest that the reaction was not occurring within the
proposed 52-53

R

channel constraints of the zeolite, since

the cis but-2-ene molecule (558 ).:would not be able to
diffuse out. However as the level of polymeric and weakly
adsorbed butene increased for H-Fu-1, the (cis/trans) 0
product ratios apprached zero (see Table 7.12). Not only
did the removal of the butene polymer restore the original
(cis/trans) 0 ratio, but also evacuation at 393 K (see Table 715)
Evacuation at 393 K, however, did not restore the original reaction
ra.te, thus suggesting that the polymeric butene was still
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present. This was also the case for H-ZSM5 (see Table 716),
in which the only channels that would allow the diffusion of
cis but-2ene in the presence of polymeric butene would
probably be the elliptical cross-sectional straight channels
(non-deactivated dimensions: 57-58 x 51-52

see

section 452) (197)
These results suggest that for both H-Fu-1 and H-ZSM-5
the presence of polymeric butene did not prevent the diffusion
of the larger product cis but'2-ene: this diffusion was
however prevented by the combined presence of polymeric
butene and weakly adsorbed butene0 This suggests that the
isomerisation of the but-l-ene over H-Fu-]. and H='ZSM-5
occurred within zeolitic channels of limiting dimensions.
The rapid rise in the (cis/trans) product ratio as the but-1-ene
isomerisation proceeded over the two zeolite samples containing
both polymeric butene and weakly adsorbed butene (see Figures
79 and 711), to a value of about unity in both cases (as
obtained by Si0 2 -A1 20 3 : see Figure 713), indicates that
perhaps the seat of activity of the zeolites rapidly changed
from within the zeolite channels to the non-shape-selective
external surface. This is consistent with the ratio (".'lO%)
of the steady-state activity to the original catalytic activity
of H-Fu-1 for the but-l-ene isomerisation (see before). This
rapid changing of the location of the seat of activity of
H-Fu-1 for the but-1-ene isomerisation has been reported
for hydrogen c1inopti1olite 139

0

Since the high (cis/trans)

values were obtained upon the removal of weakly adsorbed
butene, but still in the presence of polymeric butene, the
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diameter of the relevant constrained regions plus adsorbed
polymeric butene is probably greater than 558

L

Thus the

proposed selective adsorption (259) of trans but-2-ene within
certain regions of the H-Fu-1 zeolite (see section 724),
can perhaps only occur into channels smaller than 558 :
i0e0 within the channels of 52-53

R

restriction in

HFu-l 86 ' 97
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Polymeric Butene
The infrared spectrum of HFu-1, upon the addition of

but='l-ene, was monitored in order to test the earlier
hypothesis that polymeric butene was rapidly formed on the
zeolite0 The infra-red spectrophotometer used was described
in section 464( 207 )
Figure 715 demonstrates the infra-red spectrum at 323 K,
for a 10 mg wafer disc of H'Fu-1 pretreated in vacuo at
723 K for 15 hours and then cooled to 323 K, in the 4000 to
2500 cm wave number region.. In the hydroxyl region there
are four clear bands. These are given below in Table 7.18.
Band Wave number
Characteristic
(Cm
(cm
3740

Terminating silanol groups/Siliceous
Impurities (130)
0

3720

Hydroxonium Ion (121,201)

3650

Surface hydroxyl group (130)

3610

Surface hydroxyl group (130)

Table 718: Infra-red bands in the hydroxyl region for H-Fu-10

Figure 7.15:

The infra-red spectrum (at 323 K) of a wafer sample of H-Fu-1 pretreated
at 723 K for 15 hours.
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- 200 From the evidence supplied by Ward (130) for Inordenite, it
is probably that the 3610 cm- 1 band represents hydroxyl
groups in regions of wider dimensions of HFu1 than the
3650 cm - bands (see section 321)

The appearance of

the shoulder at 3720 cni 1 indicated the presence of hydro='
xonium ions on the zeolite surface caused by the interaction
of water molecules with the surface hydroxyl groups as
suggested by Vedrine et, al 201)

Figure 715 also

demonstrates that no hydrocarbons were present in HFu10
Figure 7.16 demonstrates the infra-red spectrum
obtained one minute after the addition of but1-ene (19 kNm 2 )
at 323 K in a closed vacuum cell (see section 464)
Figure 716 indicates that the absorbance of the 3740
and 3720 cm hydroxyl bands were considerably reduced by the
presence of but-1--ene0 This indicates that a large amount
of adsorption was probably occurring between the but='lene
molecules and terminal silanol groups (135)

The absorbances

of the surface hydroxyls were unaffected by the presence of
but-1=ene0 In the hydrocarbon region of Figure 716 there
are several clear absorption bands. These are characterised
below in Table 7.19.
Band Wavenumber
/cm -1

Characteristic

3040

Alkenic C-H stretch (135,193,238)

3020

Alkenic CH stretch (135,193,238)

2965

CH

assymetric stretch (186)

2938

CH

assymetric stretch (186)

2885

C-H stretch (135)

Table 719 Infra-red bands in the hydrocarbon region of Figure 716

Figure 7.16:

The infra-red spectrum (at 323 K) of adsorbed but-l-ene on H7Fu-1 at
323 K in a closed vacuum cell.
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A large proportion of the hydrocarbon bands observed
(see Figure 716) were in fact due to the presence of gaseous
butl='ene in the vacuum cell. Figure 717 demonstrates the
infrared spectrum obtained after the vacuum cell had been
evacuated at 323 K for five minutes. Figure 717 indicates
that the evacuation at 323 K removed both the 3040 and
3020 cm- 1 alkenic CH stretch bands, indicating that the
other bands were characteristic of polymeric butene on the
zeolite surface of

Figure 7.17: The effect of evacuating the vacuum cell at 323 K on the spectra
recorded in Figure 7.16.
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CHAPTER 8

POLYMERIC BUTENE

81 Introduction
The aim of this chapter is to consider the nature of the
active sites responsible for the formation of butene polymer
over H-Ful, HZSM-5 and Si0 2 Al 2 O 3 , and therefore for the
deactivation of these catalysts. While Webb 229
Hermana 43 ,and Ballivet et al 235

. Lef tin!

have attributed the

initial formation of polymeric butene to the participation
of the Lewis acid sites (exposed aluminium ions) of SiO 2 Al 20 3 ,
Hirschler 232234 has reported the participation of the
surface hydroxyl groups (see section 52)

This chapter

also considers the effect of the adsorbed butene polymer
on the diffusion coefficients of but-l-ene observed over
Si0 2 -A1 2 0 3

0

82 The Rate of Catalyst Deactivation
Upon exposure to but-=lene molecules (ca. 25 x 1020)
for a given length of time Ct) at a temperature of 273 K,
the catalystswere evacuated for thirty minutes at 273 K,
and a subsequent but-l-ene dose was again passed into the
reaction vessel. During this second run at 273 K on the
same sample the isomerisation activity was monitored. The activity
of the catalyst was not monitored during the first run. This
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process was repeated on separate catalyst samples of each of the
three catalyst for varying lengths of time (t). Thus the
activity of each of the catalysts (Run (2)) after exposure
to but-lene molecules for certain lengths of time (t), as
indicated by the subsequent first order rate constant obtained,
would indicate the extent of deactivation, withtime (t), experienced
by each of these catalysts in the presence of but-l-ene0 The
reaction characteristics obtained for this process over
H-Ful, HZSM5 and Si0 2 Al 2 O 3 are shown in Tables 81, 82
and 83 respectively. Good first order plots were obtained
for all the runs on the three catalysts studied.
t/min

Rate Constant
Run (2)

%

Original

(Cis/trans)

0

Activity

/minmm 1 g -

o

122

10000

6

062

506

15

052

425

143

33

044

3509

153

612

030

245

080

122
[

157

Table 81 The deactivation of H-Ful with time (t) at 273 K.
Zeolite pretreatment temperature: 673 K.
The (cis/trans) 0 ratios given in Table 81 indicate that
the presence of weakly adsorbed butene does not affect the initial
product selectivity until at least Run (2) or Run (3) (see
Table 7,12), This suggests that it perhaps takes at least
(q): The run after 61 minutes Ct) was not in fact carried out on
a separate sample of H-Fu-1 (see Table 712)
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two runs • on the same H-Fu--1 sample (or one run for a longer
time) to fill up the zeolite channels with weakly adsorbed
butene molecules (see section 74)

Rate Constant

t/min

% Original

Run (2)/
min -1 g l

(cis/trans)

0

Activity

0

205

10000

095

3

046

226

126

15

054

265

0,96

30

055

267

117

562 (q)

057

279

103

Table 82 The deactivation of HZSM-5 with time (t) at 273 K.
Zeolite pretreatment temperature: 673 K.
(q): The run after 562 minutes exposure to but-l'ene was not
carried out on a separate sample of H-ZSM-5 (see Table 7.13).

n

Rate Constant

% Original

Run (2)/
• -1g -1
min

Activity

• 0.

3.09

3

143

15
30
85 (q)

I

(cis/trans) 0

10000

090

I

464

085

108

1

351

098

J

317

061

523

073

162

•

068
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Table 83 The deactivation of SiO 2 Al 20 3 with time (t) at 273 K.
Catalyst pretreatment temperature: 673 K.
(q):

The run after 85 minutes (t) exposure to but-1-ene was
not carried out on a separate sample of Si0 2 -A1 2 0 3

0

(See Table 714)

Tables 81, 82 and 83 indicate that the greatest
deactivation of HFu-1, HZSM5 and Si0 2 -A1 2 0 3 occurred
during the very first few minutes of the but-l-ene isomerisation
over the respective catalysts, and that the deactivation
thereafter occurred at a much slower rate. These facts are
represented in Figure 81 where the % Original Activity of
each of the catalysts is plotted against time, t: the length
of time that each catalyst was exposed to butl-ene molecules
prior to the introduction of a second dosage of but1-ene
molecules.

Figure 8.1:

The deactivation of H-Fu-1, H-ZSM--5 and Si0 2 -A1 2 0 3 with time (t).
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The result at 85 minutes for Si0 2 -Al 20 3 (see Table 83)
is consistent with the results given in Tables 77 and 714,
but is inconsistent with the results given in Table 83,.
This can perhaps be attributed to a migration of butene
molecules from the exposed aluminium ions of the SiO 2 -Al 20 3
surface as the time of exposure to but1-ene increases, as
suggested by Pen (225)
The data for the deactivation of HFul at 273 K given
in Table 81 have also been determined at reaction temperatures
of 261 K and 250 K The results obtained are given in Table 84
(261 K) and Table 85 (250 K)

The data from Tables 81,

84 and .85 are represented in Figure 82 where the
decreasing first order rate constants with time (t) are
plotted for each reaction temperature studied
t/min

Rate Constant
min 'g 1

% Original

(cis/trans) 0

Activity

0

053

10000

1.65

3

033

628

1.56

l

027

510

1.77

F40

O15

283

141

E

013

239

081

96 8
-

Table 84 The deactivation of H-Fu-1 with time (t) at 261 K0
Zeolite pretreatment temperature: 673 K.

Figure 8.2: Decreasing first order rate constants with time (t) for the but-1-ene
isomerisation over H-Fu-1 at 273 K, 261 K and 250 K.
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Rate Constant
min -1
- -1

t/min

% Original

(cis/trans)

Activity

0

025

10000

1.48

3

018

742

165

15

011

423

206

40

010

407

197

815

004

153

1.28

Table 85 The deactivation of HFul with time (t) at 250 K.
Zeolite pretreatment temperature: 673 K.

From the results given in Figure 82 it is possible to
determine the first order rate constants for each reaction
temperature at the same values of t0 The values recorded
are shown in Table 86
Time (t)/

mm0

Rate Constant

Rate Constant

Rate Constant

min 1g 1

min 1 9 1

min 1g 1

273K

261K

250K

0

122

0053

025

5

0070

031

016

10

058

028

0,13

20

0050

022

0010

30

0,43

019

0009

40

038

0015

008

Table 86 The first order rate constants at different reaction
temperatures at the same time (t) values of but-1-ene
exposure to H-Fu-10 (Data taken from Figure 8.2).
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The data recorded in Table 8.6 can be treated in the
Arrhenius fashion (see Chapter 6), so as to determine an
apparent activation energy (Ea) and pre-exponential factor (A)
at each value of t. The Arrhenius plots for each value of t,
for the isomerisation of but=lene over H=Fu-1 samples
previously exposed to butlene for different values of t,
are shown in Figure 8.3. Figure 8,3 illustrates that the
apparent activation energy (Ea) for the subsequent but'lene
isomerisation remained constant as the time (t) of previous
butl='ene exposure to HFul increased,. The calculation of
the value of the apparent activation energy (Ea) from
Figure 8,3 (i.e. 42 ± 2 KJmol

see Table 7,3) allowed

the reduction in the pre-exponential factor (A) with time (t)
to be established. The reduction of A with t is shown in
Figure 8,4, together with a typical profile for the uptake
of butene molecules from the gas phase by H-Ful at a
reaction temperature of 273 K during the isomerisation of
but-lene on an initially'clean' zeolite sample.
Figure 8.4 indicates that the but-1-ene isomerisation
over HFul was characterised by a very rapid reduction in
the pre-exponential factor (A) for the reaction during the
very first few minutes of the exposure of the zeolite to
but-l'ene. To a large extent this sharp reduction in the
pre-exponential factor (A) can perhaps be equated to the
established extensive loss of the surface area of the
zeolite (see Table 7.11). This rapid loss of surface area
was a consequence of the rapid adsorption of the but-1--ene
molecules to form polymeric butene (see Chapter 7)
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Figure 8.4: Comparison of the pre-exponential factor (A) with the uptake of
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There are also indications that the presence of physically
adsorbed butene affected the reaction characteristics of
HFu=o1 (see section 734), by the effective blocking of
zeolite channels.,

8,3

The Nature of the Catalyst Active Sites for Butene
Polymer Formation.,
Ballivet et al(235) have reported the deactivation of

Si0 2 -A1 2 0 3

in the presence of cis but=2-ene, and assigned

the initial rapid deactivation (slope: C

1 ) to the presence
of Lewis acidity (exposed aluminium ions (23U), and the
concurrent slower deactivation (slope: C 2 ) to the presence
of Bronsted acidity (see section 5.,2)
The data for the
deactivation of H-Fu-1, HZSM5 and Si0 2 -Al 2 0 3 at 273 K, given
in Tables 81, 82 and 83 respectively, has been treated
in a similar manner to give the C 1 and C 2 values for each
catalyst. The logarithmic plots are shown in Figure 85,
while the C 1 and C 2 values obtained from Figure 85 are
given in Table 87, together with the extrapolated (a 2 )
values. The value of exponential (a 2 ) gives the limiting
value, for the factor causing the deactivation characterized
by slope C 2 , for a non-deactivated catalyst.

Catalyst

C 1 /min 1

C 2 /min 1

Exponential (a 2 )!

H-Fu-1

0011

0.012

50,9

H-ZSM-5

050

0.000

271

Si0 2 -A1 20 3

0.,26

0.007

3903
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Table 87

The C1 , C 2 and exponential (a 2 ) values for HFu1,
HZSM5 and Si0 2 A1 2 0 3 for the butloene isomerisation
at 273 K 235

The values given for C 1 and C 2 in Table 8,7 for
Si0 2 'Al 2 0 3 agree with the values given by Ballivet et al(235)
According to Ballivet eta1 235 the rapid deactivation of
Si0 2 =A1 2 0 3 was caused by the formation of polymeric butene
on the Lewis acid sites of the Si0 2 Al 2O 3 surface. This
butene polymer is widely regarded as being catalytically
active 8,208,227,228)
Leftin and Hermana(4U have
0

reported the much slower deactivation of the surface hydroxyl
groups of Si0 2 -Al 20 3 (see section 52)
If the analysis of Ballivet et a1 235 is correct then
the variance of the Si0 2 A1 2 0 3 pretreatment temperature should
change C 1 and C 2 , according to the variation in theconcentration of Lewis and Bronsted acid sites on the
Sj0 2 Al 2 0 3 surface (23U

0

The surface concentration of

the Bronsted acid sites on Si0 2 -A1 2 0 3 has been observed to
pass through a maximum as the catalyst pretreatment temperature
(260)
increased (see Chapter
The values of C 1 , C 2 and
0

exponential (a 2 ) for H'Ful and Si0 2 A1 20 3 , for the but-1-ene
isomerisation at 273 K, as the catalyst pretreatment
temperature was increased from 473 K to 873 K, are given
in Table 88 Both catalyst were pretreated at the temperatures
shown for 15 hours, and the results were obtained by
employing the method described in section 8.2

Figure 8.5:

The deactivation of H-Fu-1, H-ZSM-5 and Si0 2 -A1 2 0 3 during the but-1-ene
isomerisation at 273 K ) according toithe treatment of Ballivet et a1 235 .
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Catalyst

Catalyst Pretreatment

C1/rnin' 1

C2/min7l

TexTlperathre/K
H=Fu=1

Exponential (a 2)
/%

473

0,213

0.007

61.6

673

0,114

0,012

50.9

HFw1

873

0,070

0.004

81.5

Si02 A1203

473

0.057

0.004

48.7

SiO2 -Al 203

673

0,256

0.007

39.3

Si02 =2U203

873

0.356

0.005

35,2

Table 8.8 The C 1 , C 2 and exponential (a 2 ) values for H-Ful
and Si0 2 Al 20 3 , for the but-1-ene isomerisation
at 273 K, as the catalyst pretreatment was increased.

The results given in Table 8.8 are shown in Figure 8,6,
Figure 8.6 demonstrates that the results for Si0 2 Al 20 3 are
consistent with the model proposed by Ballivet et al (236)
i.e. C 1 increased with increasing catalyst pretreatment

temperature (increasing Lewis acid site concentration (231,260)
and C 2 passed through a maximum, suggesting the role of
Bronsted acidity in the slower deactivation step.. The profile
of C 2 obtained, indeed, closely followed the profile of the
catalytic activity of Si0 2 =Al 2 0 3 for the but-l-ene isomerisation with increasing pretreatment temperature (see Chapter 9)
Figure 8.6 indicates that C 2 passed through a maximum for H-Ful,
and that C 1 slightly decreased, as the catalyst pretreatment em ?19-?'OL6Lt

Figure 8.6:

The C 1 and C 2 values for the but-l-ene isomerisation at 273 K over H-Fu-1
and S10 2 -A1 2 0 3 at varying catalyst pretreatment temperature.
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was increased. Even though the initial rapid deactivation of
HFul was probably due to the rapid loss of the surface area
of the zeolite (see Table 711 and Figure 84), Figure 86
indicates that the rate of the reduction of the zeolit&s
activity depended upon the pretreatment temperature employed.
The C 2 profile of H-Fu-1 with increasing zeolite pretreatment
temperature (see Figure 86) closely paralleled the activity
profile of the zeolite for the but-1=ene isomerisation (see
Chapter 9). This profile is characteristic of the Bronsted
activity of a zeolite, as discussed in Chapter 3 (see
Figure 32)

The profile of C 1 for H-Fu='l (see Figure 86)

suggests that the Lewis acid sites on the zeolite surface
probably did not participate in the formation of polymeric
butene: the latter being the agent of zeolite deactivation

93 .

The role of zeolite hydroxyl groups participating in the
formation of polymeric butene has been well documented in
the literature (139,186,193,237-239) (see section 5.3).
Since C 1 decreased only slightly with increased pretreatment
temperature for the H-Fu-1 zeolite, the possibility that
the passage of the but-l--ene molecules was diffusioncontrolled within the zeolite channels cannot be
This particular study, however, is an
discounted (139)
0

indication that the deactivation characteristics of Si0 2 -Al2 0 3
involve exposed aluminium ions. Both catalysts, along with
H-ZSM='5, exhibited approximately the same apparent activation
energy for the isomerisation of but-l-ene (see section 724)
This indicates that the reattion mechanism over the three
catalysts was probably the same 66)
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84 The Order of the But1ene Isomerisation on H-Ful,
H='ZSM=5 and SiO 2-Al 2O 3
Since the C 2 profile for S '0 2 -A1203with increasing
catalyst pretreatment temperature closely followed the activity
profile (the C 1 values actually increased while the observed
first order rate constants decreased (see Figure 86 and
Chapter 9)), it was likely that the activity was monitored
on SiO 2 -Al 2O 3 samples containing extensive butene polymer

from the C 1 deactivation process This suggests that the
catalytic surface of SiO 2 Al 2 O 3 , and probably that of
H-Fu='1 and H=ZSM5 as well, were so quickly saturated with
polymeric butene that intrinsic rates (and product
selectivities) were never actually observed
It was thus necessary to vary the pressure of the
reactant but-1ene to establish whether the initial rate of
reaction varied with pressure. This was done by varying
the number of but-lene molecules admitted into the reaction
vessel. By knowing the number of but--1-ene molecules admitted
into the reaction vessel, and the initial rate of the but-1ene
conversion (obtained by drawing a tangent to the % compositiontime reaction pathway conversion curves at zero time), the
initial reaction rate in molecules, minute 1 9 1 could be
established.
Tables 89, 810 and 811 demonstrate the initial rates
of but-l--ene conversion, for various reactant pressures, at
a reaction temperature of 250 K, obtained over H-Fu-1,
H-ZSM-5 and Si0 2 -A1 20 3 respectively. All the catalyst samples
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were pretreated at 673 K for 15 hours.
•

Number of but1-ene
molecules admitted to
reaction vessel
1020

Observed initial
Rate/
number of molecules
min g 1
x 10 19

1.24

1001

112

1.23

0.74

1.39

0.67

124

0.46

1.09

0.34

1.17

0.19

125

Table 89 But-l='ene conversion over H-Fu-1 at 250 K as the
reactant pressure changes.

Number of But1-ene
molecules admitted to
reaction vessel
xlO 20

Observed initial
Rate/
number of molecules
min -ll
x 10 19

1.60

268

1.27

338

1.01

3.67

0.63

2.91

0.52

2.52

0.44

2.93

0.19

396

Table 810 But-1ene conversion over H-ZSM-5 at 250 K as the
reactant pressure changes.
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Number of But1-ene
molecules admitted

Observed Initial
Rate/

to reaction vessel

Number of molecules
min 1g 1

X

10 20

x 10 19
0.61

2.35

0.51

183

0.33

1,92

Table 8ll But-lene conversion over SiO 2 Al 2O 3 at 250 K
as the reactant pressure changes.

Tables 89, 810 and 811 indicate that the initial rates
of but-1-ene conversion over H-Fu-1, H-ZSM=5 and Si0 2 -A1 20 3
were all independent of the reactant pressure employed. This
suggests that the fraction of catalyst surface available upon
initial but1ene adsorption was in each case negligible, so
that the observed reaction rate was not dependent on reactant
Itis apparent, however, from the many examples
pressure (13)
considered in this study, that the percentage of but-1ene
in the gas phase with time followed first order kinetics:
i0e, the rate of conversion decreased as the extent of
conversion increased. This phenomenon could not have
originated from the reversibility of the but-1-ene conversion
since the rate constants for the formation of but-1-ene
from the isomerisation of cis- and trans but-2-ene was
(208)
(see section 9.7). If the
known to be very small
products of a reaction were adsorbed sufficiently strongly
to inhibit the adsorption of the reactant, the reaction
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rate would be reduced substantially (see Thomson and Webb (13) )
Thus as the extent of reactant conversion increased, the extent
of product adsorption would also increase. From the relevant
rate equation it would be expected that such a process would
follow observed first order kinetics. Such a process was
possibly occurring over the catalysts examined in this study.
There have, indeed, been many reports in the literature
concerning the very strong adsorption of cis buto.2=ene
over zeo1ites 239 ' 240 and SiO 2 -Al 2O 3 225

0

Pen . (224) has

observed strongly adsorbed cis but2ene on A1 2 0 3 during
the isomeristion of butlooene (see section 504)

Thus if

the products of the but=l-ene isomerisation were adsorbed at
least as strongly as the reactant but-l-ene, the following
rate expression could be considered as applicable
kAbA P A

3 :

guation 8 1

rA =

.

1 + bA(PA +
r : Rate of but-1ene conversion.
kA : Rate constant for the conversion of but-l-ene.
Pressure of but-l-ene0
Pressure of product but-2=enes (cis plus trans).
b : Adsorption coefficient of the n-butene molecules.

The expression

+

is equivalent to

is the initial pressure of but-l-ene.
where P
Ao
+ Ao
Thus equation 81 can be simplified to equation 82
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kAbA A

iation 82

rA =
1 + bAPAC

Equation 82 indicates a reaction rate for the conversion
of but'1ene which is first order with respect to the pressure
of butl-ene0 The form of equation 82 would explain
the observed first order kinetic behaviour illustrated in
the first order plots of this study.

85 The Effect of Polymeric Butene on the Diffusion
Coefficients of But-l-ene0
The SiO 2 Al 2O 3 catalyst, as mentioned in Chapter 6,
was supplied in the form of pellets. These pellets, however,
were crushed to a fine white powder before being employed
in catalytic experiments. A study of the activity of the
SiO 2 Al 2O 3 pellets, however, allowed an examination of the
effect of strongly adsorbed polymeric butene on the diffusion
coefficients for but-lene to be conducted.
According to Satterfield

03 , for a catalytic reaction

to take place, the reactant molecules must diffuse to the
active surface of the catalyst. Through a porous structure
the chemical potential decreases in the direction of
diffusion, so that the catalyst surface in the interior of
a catalyst pellet is in contact with a lower concentration
of reactant, and a higher concentration of products, than
the external catalyst surface. In this respect diffusion is
also known to influence product selectivity for reactions
catalyzed by zeolites

89 (see section 435)
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In this section the effectiveness factors of the
SiO2 Al 2 O 3 pellets were established, at different reaction
temperatures, by measuring the initial rates of the butlene
iscinerisation on both the SiO 2 Al 2 O 3 powder and pellets,
according to the method of Satterfield discussed in
Section 3.4.1 of his pubiication

03

The effectiveness factor

of the SiO2 Al2 O 3 powder was assumed to be unity. The
subsequent determination of the Thiele Moduli (261)allowed
the diffusion coefficients for but='lene to be evaluated at
each reaction temperature studied.
Table 812 demonstrates the first order rate constants
and the initial rates (% minute 1g) obtained for the
but'l-ene isomerisation over Si0 2 -A1 20 3 pellets (b) and
SiO 2 Al 2O 3 powder (p) in the reaction temperature range
241'273 K. All the SiO 2 Al 2O 3 samples were pretreated
at 673 K-for 15 hours. Only one pellet (ca. 005 g) of
SiO 2 Al 2O 3 was used in the reaction vessel for each
separae experiment. Good first order plots were obtained
for both SiO 2 -Al 2O 3 powder and pellet at the reaction
temperatures studied The initial rates (% minute g )
were determined by drawing a tangent to the % compositiontime reaction pathway conversion curves at zero time.
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Reaction
£rerathre

y
%

k/
1
min
mm 1
g
g

(cis/trans) P

(cis/trans) b

Xb/
1
% min
g

mm 1
g-1

L

273

13700

3.09

0090

4805

0.66

1.07

0.35

261

54.6

0.96

0.78

32.2

0.44

1.02

0.59

250

32.4

0.48

1.21

21.8

0033

0.94

0.67

241

18.7

0.18

0.78

15.2

0.25

1.12

0.81

Table 8.12 Comparison of initial reaction rates and first order
rate constants for but1ene isomerisation over
Si0 2 Al 20 3 powder (p) and pellet (b).
X

: Initial rate (% minute g) of butlene conversion over
Si0 2 -A1 20 3 powder (xv ) and pellet (%).

k : Observed first order rate constant (minuteg) over
Si0 2 -Al 2 0 3 powder (kr ) and pellet (kb)

0

Effectiveness factor for the Si0 2 -Al 20 3 pellets ( =

The data given in Table 8.12 indicate that the initial
product ratios obtained at each reaction temperature were
invariant with respect to whether Si0 2 =A1 2 0 3 powder ((cis/trans))
or whether SiO 2 A1 2 0 3 pellets ((cis/trans)) were used.
Since both forms of SiO 2 Al 2O 3 exhibited first order kinetics
in the conversion of but-l-ene (see section 8.4), it can
be assumed that the but-1-ene isomerisation was a parallel
type reaction (262):
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i.e.
Trans but-2=ene
k it
Butl-ene
k.
Cis but'2ene
kt : Apparent first order rate constant for the conversion
of but=1='ene to trans but-2ene,
k. : Apparent first order rate constant for the conversion
of but='l'ene to cis but2'ene.

This was also suggested by the value close to unity for
the product selectivity, where the sec-butyl carbonium ion
is considered the reaction intermediate (20823234)

This

result is certainly not compatible with the mechanism
proposed by Lucchesi 209 , as that would have predicted very
reduced values for (cis/trans) with respect to (cis/trans).
Table 8,12 demonstrates that the effectiveness factor
increased with decreasing reaction temperature. At the end
of the reactions, the results of which are given in Table 8,12,
each catalyst sample was evacuated at the original reaction
temperature for thirty minutes, and then exposed to a further
but-1ene dose still at the original reaction temperature.
This experimental procedure has been previously described
(see section 731)

The results obtained from these

second runs are given in Table 813, the general character
of the reactions being the isomer.isation of but-1-ene on
Si0 2 -A1 2 0 3 pellets and powder containing adsorbed polymeric
butene (i.e. Run (2)),
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Reaction
nperathre
/K

x,/
% min
g

x/
fll3..fl 1

%

g

min 1
g

k/

r

mm1

g

LP
273

776

1.62

237

032

031

261

310

051

171

022

055

250

150

016

11,8

0.15

079

241

134

006

1001

013

075

Table 8.13 Comparison of the initial reaction rates and first order
rate constants for but1-ene isomerisation over
Si0 2 -A1 20 3 powder (p) and pellet (b), both containing
strongly adsorbed butene molecules prior to the isomerisation0

The Arrhenius plots for the isomerisation of but-l-ene over
the Si0 2 -Al 2 0 3 pellets for both Run (1) and Run (2) are shown
in Figure 87 while the values for the respective apparnt
activation energies (Ea) and pre-exponential factors (A) are
compared with those of the Si0 2 -Al 20 3 powder in Table 8.14.
Catalyst

Si0 2 A1 2 0 3

A

Ea

A

Run (1)/

Run (1)/

Run (2)/

Run (2)/

kJmol 1

ming 1

kJmol 1

min 1g 1

560

10

162

4 x 10

Ea

470

29 x

10

1010

Powder
Si0 2 -Al 20 3

164

9 x 102

Pellet
Table 814 Ea and A values for the but-l-ene isomerisation over
original (Run (1)) and deactivated (Run (2)) samples of
Si0 2 -A1 2 0 3 powder and pellet (see Figure 87)

Figure 8.7:

Arrhenius Plots for Run (1) and Run (2) but-1-ene isomerisation over
Si0 2 -A1 2 0 3 pellet.
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Table 814 indicates that the apparent activation energy
for the isomerisation of but-lene over the SiO 2 Al 2O 3 pellets
was less than half that of the value exhibited by the SiO 2 =Al 2O 3
powder. This is strongly indicative of significant pore
diffusion within the SiO 2 Al 2O 3 pellet 03,104)

The values

of the effectiveness factors (7) given in Tables 812
and 813 can be used to calculate the Thiele Modulus and
the diffusion coefficient of but1ene at each reaction
temperature. These values are given in Table 8.15.Table 815
was constructed using two equations obtained from Satterfields
(263)
pub1ication 103 and other texts

i0

e0
3

TXb

(,Ø'Coth,Ø'-l)

Equation 83

L p .1

Euation 84

=R

and

De
Thiele Modulus

where;

k : Intrinsic Rate Constant on S10 2 -A1 20 3 powder.
p

D. Diffusion Coefficient (cm 2min)
e
R : Radius of Si0 2 -Al 20 3 pellet (cm)
P b Density o

SiO 2 Al 2 0 3 pellet (g cm- 3

In this study an average value of R was used for a spherical
Si0 2-Al 2 0 3 pellet of weight 005 g (i.e. 0.253 cm), to give an
average pellet density

g cm- 3.
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Reaction

De

Q

Temperature/K

,Ø
Run (1)

273

311

261

2.48

77

X

250

2.22.

48

X

241

1.68

De
,

Run (1) /
2
cm mm. -1

Run (2)

157 x 10

3.20

76

X

10- 3

10

260

37

X

10

10

1.80

26

X

10

32 x 10

1.90

20

X

10

Run (2) /
2
cm mm.

Table 815 The Thiele Moduli and diffusion coefficients for
but-1ene isomerisation at different reaction
temperatures over a pellet of Si0 2 -Al 2 0 3 .,

The De values given for Run (l) in Table 815 are in good
agreement with values quoted by Satterfield (264)
Table 815
suggests that the presence of polymeric butene (as in Run (2))
considerably reduced the diffusion coefficients of but'1-ene
within the SiO 2 -Al 2 0 3 pellets. The activation energy of
diffusion for Runs (1) and (2) were determined from the
Arrhenius plots constructed from the data given in Table 815
and illustrated in Figure 88 Figure 88 shows that the
diffusion of but-lene in a Si0 2 -A1 20 3 pellet (Run (1))
and in a Si0 2 Al 20 3 pellet containing adsorbed polymeric
butene (Run (2)) shared a common activation energy of about
28 kJmol, even though the diffusion coefficients in the
latter case are lower.
The results for the repeated but-1-ene isomerisation at
273 K on the same Si0 2 -A1 2 0 3 powder sample have been given in

Figure 8,8: The Activated Diffusion of but-1-ene in Si0 2 -A1 2 0 3 for Run (1) and Run (2)
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- 234 Table 714 for Runs (1) to (5) inclusively. These reactions
were characterised by a constant evacuation temperature (273 K)
in between each run (see section 7,3,3)

After Run (4) the

Si0 2 -A1 2 0 3 powder sample was evacuated at 473 K for thirty
minutes and the subsequent reaction data for Run (5) demonstrated
that the original catalyst activity was regenerated. A similar
experimental procedure was also carried out over Si0 2 -A1 20 3
pellets. In this way the diffusion coefficients of but-l'ene
in the pellet could be established in a situation where the
level of polymeric butene was increasing. The diffusion
coefficients were determined by the method previously
discussed and the results, compared with those obtained for
the powder, given in Table 8,16 below.
Run
&mtber

[% Original]

(cis/trans)

L Activity J P

1r 0riginaI
Activity

(cis/trans)

Jb

Diffusion
Coefficient/
2.-i
an mm

1

1000

0,90

1000

1,07

157 x 10

2

523

0073

49,0

086

76 x 10

3

32,0

062

47,6

1.. 03

60 x 10-3

4

247

108

389

089

4,3 x 10

5

91.3

092

l07O

099

167 x 10

Table 816

Run (1) to Run (5) for the but-i-ene isomerisation
over Si0 2 -Al 20 3 powder (p) and pellet (b) at 273 K,
in order to establish the effect of butene polymer
on the diffusion coefficients.
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Table 816 clearly shows that as the level of adsorbed
butene polymer increased on the Si0 2 -Al 2 0 3 catalysts (i0e0 a
decline in the % original activity), the value of the
diffusion coefficient of but-l-ene was also reduced. Upon
the removal of the butene polymer (Run (5)) by evacuation at
473 K for thirty minutes, the original activity and the
original value of the diffusion coefficients returned This
suggests that the presence of polymeric butene was lowering
the rate of diffusion of the but='l-ene molecules within the
large macropores of the SiO 2 Al 2O 3 pellet, and consequently
the rate of but-1-ene conversion. Figure 89 shows that the
relationship between the calculated diffusion coefficients
and the % original activity of the Si0 2 -A1 2 0 3 pellet (see
Table 816) can perhaps be regarded as linear with intercept
at the origin. The existence of a steady-state activity for
Si0 2 -A1 2 0 3 for but-l-ene isomerisation, however, indicates
that perhaps the dotted line in Figure 89 is a truer
representation of the activity of the Si0 2 -A1 2 0 3 pellet:
i0e0 independent of the diffusion coefficient of but-l-ene
at steady-state activity. This is perhaps due to the
catalytic activity of the polymeric residue as suggested
by Ozaki and Kimura (18)
0

If the observed activity of the Si0 2 -Al 2 0 3 pellet was
proportional to the coefficient of diffusion (De) for but-1-ene
(see Figure 89), then it would be expected that the small
cross-sectional channels of H-ZSM-5 (and probably H-Fu-1),
once covered with a monolayer of polymeric butene, would offer

Figure 8.9: The Deactivation of the Si0 2 -A1 2 0 3 pellet; the possibility of macropore
blocking by polymeric butene,
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serious resistance to the diffusion of but-l-ene0 This would
explain (as discussed in section 724) the low activity of
HFul for the but-1ene isomerisation, even though a high
active site count for this zeolite exists (see Table 42)
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SUMMARY

In chapters 7 and 8 the effect of polymeric butene on
the catalytic activity of HFu-1, H-ZSM5 and Si0 2 -A1 2 0 3 has
been presented and discussed. It is apparent that in the
case of HFu='1 the rate of butlene conversion can be
considered to be limited by the diffusion of the reactant/
product molecules, although the experimental evidence does
not offer complete proof for this. The initial product
selectivities observed for the but-lene isomerisation
over HFul and HZSM5 indicated that the active sites
were located within the restricted access regions of the
zeolites0 The participation of the sec-butyl carbonium ion
as a reaction intermediate has been proposed. Deactivation
studies have shown that the zeolitic hydroxyl groups of
HFul were probably involved in the C2 stage (235) of the
deactivation of this catalyst. The rapid deactivation
results exhibited by SiO 2 Al 2O 3 , however, were attributed
to the presence of Lewis acid sites on the catalyst surface.
The acidic nature of the three catalysts has not been
considered in Chapters 7 and 8 The aim of Chapter 9 is
to consider the activity of H-Fu-1, HZSM-5 and Si0 2 -A1 20 3
as the catalyst pretreatment temperature was varied, so as
to obtain information on the respective reaction mechanisms
for the isomerisation of but-1ene0
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The Effect of Catalyst Pretreatment Temperature
on the Activities of HFul H='ZSM-5 and
Si0 2 -'A1 2 0 3 for the But-l=ene Isomerisation0

91 Introduction
The dependence of the type of acidity displayed by a
zeolite surface on the pretreatment temperature experienced
by that zeolite has been extensively discussed in Chapter 3
The gradual dehydration of the zeolite surface hydroxyl
groups (Bronsted acid sites) (127) to produce tricoordinated
aluminium ions (Lewis acid sites) (128) and cationic silicon
(see Figure 31), upon increasing the zeolite pretreatment
temperature, has been well established in the iiterature

3

,

The relevance of extra-lattice cationic aluminium species
activity

(functioning as Lewis acid sites) to the catalytic

of zeolites at higher pretreatment temperatures has met with
The general catalytic response of
minimal attention (158)
zeolites to changes in pretreatment temperature has been
discussed in section 3.2.5 and parts of Chapter 4

Certain

studies have reported the activity of zeolites for the
isomerisation of but-1ene as the pretreatment temperature
was varied

The aim of this chapter is to analyze

the catalytic activity of H-Fu-1, H=ZSM-5 and SiO 2 Al 2 O 3
powder, as the catalyst pretreatment temperature was
increased over a range from 473 K to 873 K inclusively, for
the but-1ene isomerisation reaction,

-240-

92 Surface Area Considerations
In order to consider the activity of the three catalysts,
for the butl-ene isomerisation with increasing pretreatment
temperature, it is necessary to establish that the surface
areas of the catalysts did not change significantly. It has
been observed, for example, that the catalytic characteristics
of hydrogen cinoptilolite were considerably changed at
pretreatment temperatures above 873 K due to the occurrence
of lattice destruction

39 .

In Tables 901(a), (b) and (c) the surface area values
of HFu-1, HZSM-5 and SiO 2 Al 2O 3 powder respectively, after
various pretreatment temperatures, are listed. These
were determined on a constant volume B.E.T. apparatus (30)
(which has been described elsewhere 257 ), and employed
the adsorption of nitrogen at 77 K. Each catalyst was
pretreated at the chosen activation temperature for 15 hours.
Activation Temperature

Surface Area/

/K

m2g 1

559

389.0

590

389.0

666

3912

873

404.1

Table 901(a). The surface areas of HFu-1 at different zeolite
activation temperatures.
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Activation Temperature
/K

Surface Area/
2 1
mg

623

305.3

714

288.0

923

273.0

Table 901(b) The surface areas of HZSM5 at different zeolite
activation temperatures

Activation Temperature
/K

Table 901(c)

Surface Area!
2 1
mg

516

2821

708

2672

873

275.,4

The surface areas of S10 2 Al 2 0 3 powder at
different catalyst activation temperatures.
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The results given in Table 91 show that the surface
areas of H-Fu-1, H-ZSM5 and Si0 2 -A1 20 3 did not change
significantly as the catalyst pretreatment temperature
was increased. The data suggest that pretreatment at
elevated temperatures did not result in any degradation of
the three catalysts. Thus any change observed in the catalytic
activity of HFu-1, H-ZSM='5 and SiO 2 Al 2 O 3 for the but-1-ene
isomerisation, as the catalyst pretreatment temperature was
raised, could reasonably be attributed to a change in the
acidic nature of the catalyst surfaces.

93' The Effect of the Pretreatment Temperature on the Catalytic
-

Activity of H-Fu-1, HZSM=5 and SiO 2 'Al 2O 3
The conversion of but-lene to cis and trans but-2-ene
over HFu-1, HZSM-5 and SiO 2 Al 2O 3 powder at reaction temperatures
from 241 K to 273 K, as the catalyst pretreatment temperatures
were raised from 473 K to 873 K, followed first order kinetics.
The (cis/trans) 0 product ratios were established as discussed
in section 722 Each catalyst sample was pretreated at the
chosen temperature for 15 hours. The values of the first
order rate constants for butlene disappearance and -(cis/trans) 0
ratios obtained over H-Fu-1, HZSM-5 and Si0 2 -A1 20 3 powder,
are given in Tables 902(a) and (b), 903(a) and (b)., and 904(a)
and (b) respectively.
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Catalyst
Pretreatment
Temperature/K

473

573

673

773

873

273

098

144

122

063

0011

261

0.,26

078

053

024

006

250

021

022

025

013

004

241

014

016

0,10

007

002

Reaction
Temperature/K

Table 902(a): First order rate constants (min 1 g 1 ) for but1ene
isomerisation over H'Fu1 as the zeolite pretreatment temperature varied.,

Catalyst
Pretreatment
Temperature/K

473

573

673

773

873

2.13

186

1.22

119

1.,03

261

189

214

1.65

1.77

5047

250

1.46

130

148

212

2,86

241

210

2.39

165

3074

1049

Reaction
Temperature/K
273

-

Table 9.,2(b): (Cis/trans) ratios for but-1-ene isomerisation
over H-Fu-1 as the zeolite pretreatment temperature
varied.
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Catalyst
Pretreatment
Temperature/K

473

573

673

773

873

267

205

2.52

2.25

Reaction
Temperature/K
273
261

099

134

112

078

250

042

048

039

052

040

241

018

018

016

013

015

Table 903(a): First order rate constants (min 1 g 1 ) for butl-ene
isomerisation over HZSM-5 as the zeolite
pretreatment temperature varied.
Catalyst
Pretreatment
Temperature/K

473

573

673

773

873

088

0095

088

102

087

162

107

126

070

086

114

O78

Reaction
Temperature/K
273

•

•

-

261

1.20

0095

250. •

1.29

146

241

154

154

1

-

Table 903(b): (Cis/trans) 0 ratios for but-1ene isomerisation
over H-=ZSM-5 as the zeolite pretreatment
temperature varied.
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Catalyst
Pretreatment
Temperature/K

473

573

673

773

873

273

3.52

4009

3009

071

040

261

187

163

O96

021

0010

250

093

079

048

017

005

241

046

048

O18

003

002

Reaction
Temperature/K

Table 904(a) : First order rate constants (min 1 g 1 ) for but1ene
isomerisation over SiO 2 Al 20 3 powder as the catalyst
pretreatment temperature varied.
Catalyst
Pretreatment
Temperature/K

473

573

673

273

1.08

089

090

261

101

110

078

250

086

113

241

128

116

I

773

I

873

Reaction
Temperature/K
137

050

097

109

1.21

113

j 0.62,

078

1q37

1

1

069

Table 9 - .4(b): (Cis/trans) 0 ratios for but-L=ene isomerisation
over Si0 2 -A1 2 0 3 powder as the catalyst pretreatment
varied.
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The data from Tables 902(a), 903(a) and 904(a), can be
combined to produce three sets of Arrhenius plots, one for
each catalyst studied. The Arrhenius plots for H-Fu-1,
H='ZSM-5 and Si0 2 Al 2 0 3 , for each catalyst pretreatment
temperature examined, are shown in Figures 91, 92 and 9.3
respectively. The apparent activation energies (Ea), obtained
from the slopes of the Arrhenius plots for each catalyst,
are given in Table 95 below. For each pretreatment
temperature studied the limiting value of butene adsorption
(see section 723) was found to be invariant for H-Ful,
HZSM-5 and Si0 2 -A1 2 0 3

0

Ea
HFul/

Ea
HZSM-/

Ea
Si0 2 -Al 2 0 3 /

KJmO1

KJmol 1

KJmol 1

473

31±8

44±3

35±1

573

40±6

44±5

37±3

673

42±2

42±5

47±3

773

37±3

45±7

50±11

873

30±1

43±4

48±5

Catalyst
Pretreatment
Temperature/K

Table 95 The apparent activation energies (Ea) taken from the
slopes of the Arrhenius plots at each catalyst
pretreatment temperature for H-Fu-1, H-ZSM-5
and Si02-Al2030

Figure 91: Arrhenius plots for the but-l-ene isomerisation over H-Fu-1 as the zeolite
pretreatment temperature is varied.
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Figure 9.2: Arrhenius plot for the but-l-ene isomerisation over H-ZSM-5 as the
zeolite pretreatment temperature is varied.
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Figure 9.3: Arrhenius plots for the but-l-ene isornerisation over Si0 2 -A1 20 3 as the catalyst
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Since the values of the apparent activation energies (Ea)
given in Table 95 are constant to about ±8 KJmol 1 , it is
likely that the values of Ea are invariant with not only the
catalyst pretreatment temperature, but also with the type
of catalyst considered in this study. This suggests that
a common reaction mechanism probably took place over
HFu='l, HZSM=5 and Si0 2 -A1 2 0 3 at all the pretreatment
This suggests that there was
temperatures studied (166)
no inductive effect by the Lewis acid sites of the three
catalysts on the Bronsted acid sites as the catalyst
pretreatment temperature increased, as suggested by
Hopkins

9U, Lunsford

(see section 404)

92 , and Jacobs et al (193)

0

The profiles of the activities of H-Fu1, H=ZSM-5 and
5i0 2 -A1 2 0 3 for the isomerisation of but-1-ene at 250 K, as
the catalyst pretreatment temperature was increased, are
shown in Figure 94 Figure 94 can do no more than suggest
an approximate activity profile for each catalyst, since
at each reaction temperature studied the profile would
possess a slightly different form as the catalyst pretreatment
temperature increased. The general activity patterns for
the three catalysts, however, are quite clear. For both
HFul and Si0 2 Al 20 3 the activity of the respective
catalysts descended to near zero at a catalyst pretreatment
temperature of 873 K. For H-ZSM-5, however, the activity
profile remains at a constant level across the zeolite
pretreatment temperature range.

Figure 9.4:

The activityof 11-Fu-1, H-ZSM-5 and Si0 2 -Al 2 0 3 for the but-l-ene isomerisation
at 250 K as the catalyst pretreatment temperature increased,
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The values of the (cis/trans) 0 ratios obtained for the but='lene isomerisation at 241 K over the three catalysts at each
pretreatment temperature studied are shown in Figure 95
Figure 95 demonstrates that while the (cis/trans) 0 ratios
over HZSM=5 and SiO 2 Al 2O3 stayed approximately constant, those over
H=FuI increased very considerably at pretreatment temperatures
greater than 673 K (i0e0 with decreasing reaction rates)

9 4 1
.

.

Discussion: Rate Data
The rate data obtained for HFu1 and SiO 2 Al 2 O 3 , as

the catalyst pretreatment temperatures were raised, strongly
suggest that they are both Bronsted acid catalysts: i0e0 their
activity for the but1ene isomerisation was proportional
to the concentration of hydroxyl groups on their respective
catalyst surfaces. Such behaviour, indeed, is well documented
for Si02-A1203 (208,215,223,232=235,260) (see section 52)
The manner in which the character and activity of zeolite
surfaces is dependent upon pretreatment temperature has
been extensively discussed in this study (see Chapter 3 and
section 421, 422, 423, 44 and 503)0 The near-zero
activity of both H-Fu1 and SiO 2 Al 2O 3 at catalyst
pretreatment temperatures greater than 673 K (see Figure 94)
suggests that the advent of catalyst surface dehydratior,
and consequent formation of electron-deficient aluminium
ions, did not promote the isomerisation of but-1-ene (see
Figure 31)

As a consequence of the results of the

catalyst deactivation studies it has already been
postulated (see section 8,3) that over HFu-1 the hydroxyl

Figure 9,5:

(Cis/Trans) 0 ratios for the but-1-ene isomerisation over H-Fu-1, H-ZSM-5 and
Si0 2 -A1 2 0 3 at 241 K as the catalyst pretreatment temperature increased,
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groups play an important role in the but'1-ene isomerisation
process. The presence of hydroxyl groups on the H=Ful
zeolite surface has been established as a result of
see section 4.6.4 and 75

infra-red studies (207)

The rate data obtained for the but-1-ene isomerisation
over H=ZSM5, upon increasing the catalyst pretreatment
temperature, suggest that the stability of the hydroxyl
groups on the zeolite surface is probably greater than that
of either H.oFU1 or Si0 2 Al 2 0 3

0

It is apparent from the

H-ZSM-5 results (see Table 903(a) and Figure 94) that
the conversion of the Bronsted acid sites on the zeolite
surface (201,202) to Lewis acid sites, in the catalyst
pretreatment temperature range studied, did not occur
for two reasons. Firstly, the apparent activation energy (Ea)
did not change (see Table 905), which is indicative of an
(166)
Secondly, not only were
unaltered reaction mechanism
the (cis/trans) 0 ratios obtained consistentwith the
participation of the sec-butyl carbonium ion (193,208,213-215)
as the reaction intermediate (and therefore zeolitic
hydroxyl groups), at all catalyst pretreatment temperatures
studied, but the absence of high (cis/trans) 0 ratios at
high catalyst pretreatment temperatures suggests that Lewis
acidity was not present(41)

0

In section 54 it was shown

that the catalytic activity of A1 2 0 3 was inversely proportional
to the water content of the catalyst, and the (cis/trans) 0
ratios obtained for the but1-ene isomerisation were in
excess of four 2

' 215

0

Thus the low (cis/trans) 0 values

- 255

observed for HZSM-5 suggest stable zeolitic hydroxyl groups,
and are not compatible with the presence of Lewis acid sites.
This conclusion does not contradict the observations
(201)

made by Vedrine

who reported the conversion of

the Bronsted acidity of HZSM5 to Lewis acidity at
catalyst pretreatment temperatures of 673 K and above (see
section 4.53)

The IF'ZSM5 sample employed by Vedrine et ai 20

possessed a Si0 2 /Al 2 0 3 ratio of 225, while the H-ZSM5
sample used in this present, study has a Si0 2 /Al 20 3 ratio of
60 (see Chapter 6)

Bolton and Lanewala 265 have reported

that the stability of zeolitic hydroxyl groups is p'rportional
to the Si0 2 /Al 20 3 ratio of the zeolite, since a higher
ratio can be associated with a lower probability for the
dehydration process to occur (see Figure 31)

It is

interesting to note that the pretreatment temperature
corresponding to the maximum concentration of hydroxyl
(201) is similar
groups on the HZSM=5 sample of Vedrine et al
to that observed for HFu-1 in the present study: these
zeolites having the same Si0 2 /Al 2 0 3 ratio.

9 4 2
.

.

Discussion: Product Ratios
The (cis/trans) 0 product ratios observed for Si0 2 -A1 2 0 3

and H=ZSM5, at all catalyst pretreatment temperatures
studied, suggest the participation of surface hydroxyl
Similar conclusions
groups in the reaction mechanism (208)
cannot immediately be attributed to the results for the
HFul zeolite, where a large rise in the (cis/trans) 0 ratio
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was observed at catalyst pretreatment temperatures and
reaction temperatures producing a low first order rate
constant (compare Tables 902(a) and 902(b))0 This could
have arisen from either the magnification of the two points
discussed in section 7.2.4 (i0e0 selective trans but2ene
adsorption and restricted transition state selectivity),
or it could be a consequence of a change from a Bronsted
acid to a Lewis acid reaction mechanism as the catalyst
pretreatment temperature increased. This latter consideration
seems less likely since the apparent activation energy (Ea)
for the butl=ene isomerisation over HFu'='l remained
approximately constant across the catalyst pretreatment
temperature range studied (see Table 95) (166) 0
Figure 96 demonstrates that there was perhaps an
inverse relationship between the (cis/trans) 0 ratios and
the first order rate constants observed over HFu-1 (see
Tables 902(a) and 902(b))0 Whether this was due to the
enhanced selective adsorption of trans but-2-ene at lower
reaction rates, or due to the diffusion control exercised
over the larger cis but2-ene molecules by the H-Fu-1 zeolite
at higher reaction rates, is not clear. These two explanations, however, both lead to a high intrinsic value of
(cis/trans) 0 for H-Fu-1 when the rate of conversion of
but-1ene is low. This perhaps indicates, as suggested in
section 74, at least two adsorption regions within the
zeolite, with the selective adsorption of trans but-2-ene
occurring through a pore of 52-53

R

diameter (207) (see

sections 4.6.3.1 and 4.6.4). Furthermore, the diffusion

Figure 9.6:
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of product cis but-2ene out of the zeolite could perhaps
be limited by the proposed regions of about 6

R

diameter

pore restriction within the zeolite structure (see section 463),
thus allowing the secondary isomerisation of cis but2-ene
to occur.
High (cis/trans) 0 values would also result from the
restricted rotation of the proposed sec-butyl carbonium ion
.(241)
intermediate. This was proposed by Hoser and Krz yzanowski
in a study of the isomerisation of cis but'2ene over
cobalt- exchanged X zeolite (see section 53)

Such a

transition state reaction-selectivity has been observed
over small pore A zeolite for but-l-ene

85 (see section 4.3.4).

The dimensions of the sec-butyl carbonium ion (see Figure 52)
were calculated from a model and are 62
(assuming a value of 1

R

9,

x 48

R

x 500

for the van der Waa lu s radius of the

hydrogen atom). With the carbonium ion remaining stationary
(as dictated by the presence of the positive charge on C 2 :
see Figure 52) however, the 48
60

9,

R

dimension increases to

upon the movement of the bulky methyl group on C 3 into

the trans-position. Due to the steric constraints exhibited
by the channels of H-Fu-1 (see section 464), it can be
argued that the formation of trans but-2-ene within the
internal zeolite lattice might well be severely hindered.

95 The Deactivation of H-Fu-1, H-ZSM-5 and Si0 2 -A1 2 23 in
the Catalyst Pretreatment Temperature Rge 473K to 873 K Part I
In section 93 the results for the isomerisation of but-1-ene
over H-Fu-1, H-ZSM-5 and Si0 2 -A1 20 3 at various catalyst
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pretreatment temperatures were presented. At the end of
each isomerisation experiment on each catalyst sample the
reaction vessel was evacuated (at the original reaction
temperature) for thirty minutes and a second dose of
but=l-ene introduced into the reaction vessel (as described
in section 7.3.1). The subsequent rate data for this
second run (Run (2)) were treated in a similar manner
to the initial isomerisation runs (Run (1)). The values
of the first order rate constants and the (cis/trans) 0
ratios obtained for the isomerisation of butl-eneover the
deactivated catalysts at varying reaction and catalyst
pretreatment temperatures, are given in Tables 906(a) and
(b) 907(a) and (b) g and 908(a) and (b) for H='Ful D
HZSM5 and Si0 2 -A1 20 3 respectively. Good first order
plots were observed in all the isomerisation reactions
of but1ene over the three catalysts studied.
Catalyst
Pretreatment
Temperature/K

473

573

673

273

033

038

030

261

010

0.,21

013

I

773

1

873

Reaction
Temperature/K

250
241

-

006

-

006

I

011

1

004

0.05

004
002

0.,07.

020

1

002

0001

-1
Table 9.6(a) -. - First order rate constants (min'-1 g ) for the but-iene isomerisation over deactivated H-Fu-1 samples
as the zeolite pretreatment temperature varied.
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Catalyst
Pretreatment
Temperature/K

473

573

673

773

873

041

057

051

044

027

038

Reaction
Temperature/K
273
261

-

031

037
014

012

250
241

1

006

006

006

006

006

Table 907(a): First order rate constants (ming) for the
but-lene isomerisation over deactivated H-ZMS-5
as the zeolite pretreatment temperature varied.
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Catalyst
Pretreatment
Temperature/K

473

573

673

773

873

273

150

1.40

080

1.08

087

261

1.25

1.66

081

113

2.50

1.28

1.24

2.60

320

Reaction
Temperature/K

250
220

203

241

2.12

Table 906(b): (Cis/Trans) 0 ratios for the but-1-ene isomerisation
over deactivated H-Fu-1 samples as the zeolite
pretreatment. temperature varied.

Catalyst
Pretreatment
Temperature/K

473

573

673

773

873

099

103

1,60

168

091

065

123

Reaction
Temperature/K
273
261
250
241

-

096

-

-

0094

L

O

043
0000

-

1..27

-

0057
0039

Table 907(b) (Cis/Trans) 0 ratios for the but-1-ene
isomerisation over deactivated H-ZSM-5 samples
as the zeolite pretreatment temperature varied.
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Catalyst
Pretreatment
Temperature/K

473

573

673

773

873

273

2.07

l33

162

018

018

261

099

0,56

051

0,07

0,06

250

0,48

039

016

003

002

241

021

011

006

002

001

Reaction
Temperature/K

[

Table 9,8(a) First order rate constant (mm

g ) for the but-1

ene isomerisation over deactivated SiO 2 Al 2O 3
powder samples as the catalyst pretreatment
temperature varied.

Catalyst
Pretreatment
Temperature/K

473

573

673

773

783

273

072

0099

073

117

020

261

083

134

129

0093

068

250

1011

1.06

098

151

066

241

095

0095

0,81

178

039

Reaction
Temperature/K

Table 9,8(b)0. (Cis/Trans) 0 ratios for the but--l-ene isomerisation
over deactivated Si0 2 -A1 2 0 3 powder samples as the
catalyst pretreatment temperature varied.
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The data from Tables 9,6(a), 97(b), and 9,8(a) can be
expressed as Arrhenius plots: Figures 97, 98 and 99
demonstrate the plots for the deactivated samples at each
catalyst pretreatment temperature of HFul, H-ZSM-5 and
Si0 2 -A1 20 3 respectively, The apparent activation energies (Ea),
obtained from the Arrhenius plots for each catalyst, are given
in Table 910 below,,

Catalyst
Pretreatment
Temperature/K

Ea
H-Ful

Ea
H-ZSM-5

Ea
Si0 2 ='Al 20 3

/KJmol

/KJmol 1

/KJmol 1

(44)

39 ± 2

32 ± 1

33 ± 4

40±± 3

673

52±2

41±5

56±2

773

38±3

38±8

36±4

873

28±2

335

50±3

473

28 ±10

573

Table 910: The apparent activation energies (Ea) taken from
the Arrhenius plots at each catalyst pretreatment
temperature for the deactivated samples of H-Fu'='l,
H-ZSM5 and Si0 2 -A1 2 0 3 ,
Table 910 indicates that due to the degree of error
associated with each apparent activation energy (Ea) value,
it is not possible to establish a characteristic catalytic
behaviour for each deactivated catalyst with the catalyst
pretreatment temperature Indeed, the average apparent
activation energy associated with each catalyst is 36 KJmol
38 KJmol

and 44 KJmol

respectively.

1,

for H-Fu-1, HZSM-5 and Si0 2 -A1 2 0 3

Figure 9.7: Arrhenius Plots for but-l-ene isomerisation over deactivated H-Fu-1 as the
zeolite pretreatment temperature varied.
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Figure 9.8: Arrhenius Plots for the but-l--ene isomerisation over deactivated H-ZSM-5 as
the zeolite pretreatment temperature varied.
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Figure 9.9: Arrhenius plots for the but-l-ene isomerisation over deactivated Si0 2 -A1 2 0 3
as the catalyst pretreatment temperature varied.
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The data given in Table 9.10 indicate, that it is
not possible to suggest that different reaction mechanisms
for the but1''ene isomerisation were operative over the
different catalysts. The average values of the apparent
activation energies given in Table 95 for the non-deactivated
catalyst samples are 36 KJmol 1 , 44 KJmol and.43 KJmol 1
for H=Fu'=-1, HoZSM5 and Si0 2 Al 20 3 respectively. There is thus
no evidence in this data to suggest any change in reaction
mechanism with respect to the catalyst studied (166)
0

This suggestion is strengthened by the fact that the
activity profile for each of the deactivated catalysts, for
the but.=olene isomerisation at 241 K, demonstrates the
Bronsted acidity of HFul and Si0 2 'Al 2 0 3 , and the stable
hydroxyl groups of H"ZSM='5 (see Figure 9010): a similar
result to that obtained over the non-deactivated catalyst samples
(see Figure 94)
The comparison of Tables 906(b) and 907(b) with
Tables 902(b) and 903(b) respectively,demonstrates in
almost every case the observed reduction in (cis/trans)

0

ratios over H-"Fu-1 and H=ZSM-5 for the Run (2) but1-ene
conversion. This can be attributed to the presence of
polymeric butene prior to the admission of but1-ene to the
reaction vessel. Such a polymeric species might well
prevent the diffusion of cis but='2-ene out of the zeolites,
or at least reduce it sufficiently to allow enhanced secondary
isomerisation0 A1terntively, the polymeric butene might
be preventing the selective adsorption of trans but2='ene

268 -

(see sections 724, 74, 942, 103 and 10,52)

The

comparison of Tables 94(b) and 908(b) demonstrates that
the presence of polymeric butene in almost every case did
not significantly change the (cis/trans) 0 ratios observed
over SiO 2 Al 2 O 3 with respect to those observed over the non
deactivated catalyst.

96

The Deactivation of HFul, HZSM5 and Si0 2 =Al 2 O 3
in the Catalyst Pretreatment Temperature R

7 K to

873 K Part II
The results presented in section 95 demonstrated that
the isomerisation of butlene on samples of H-Fu-1,
H=ZSM-5 and SiO 2 Al 2O 3 containing polymeric butene,
exhibited much lower observed first order rate constants than
for the same isomerisation over the fresh catalyst . samples.
The fact that there was no significant change in the
apparent activation energies associated with the two processes,
however, suggested that the reaction mechanism had not
changed (166) .This supports the general view that the but'l-ene
isomerisation over acidic catalysts proceeds over polymeric
species on the catalyst surface (see Chapter 5) (18,208,215,227229) 0
The profile of the activity of the deactivated catalysts with
catalyst pretreatment temperature, however, suggests that
the acidity of the catalyst surface could determine the
acidity of the polymeric species (see Figure 910)

The aim

of this section is to compare the extent of the catalyst
deactivation for HFu=1, H-ZSM-5 and Si0 2 -A1 20 3 across the

Figure 9.10: The activity of deactivated samples of H-Fu-1, H-ZSM-5, and Si0 2 -A1 2 0 3
for the but-l-ene isomerisation at 241 K as the catalyst pretreatment
increased.
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catalyst pretreatment range studied. The appropriate ratio,
R(%), (for the deactivation of each catalyst) is defined below:
R = 100 x observed first order rate constant on deactivated cay!
Observed first order rate constant on fresh catalyst
The values of R(%) for H='Ful, HZSM-'5 and Si0 2 Al 2 0 3 ,
obtained in the catalyst pretreatment temperature range 473 K
to 873 K, are given in Tables 911, 912 and 913 respectively.
Catalyst
Pretreatment
Temperature/K

473

573

673

773

873

273

34

27

24

32

66

261

38

27

24

46

61

15

43

Reaction
Temperature/K

250
241
Average R(%)
Value

42

37

15

32

74

38

30

20

38

67

Table 911 The R(%) value of HFul for the butlene
isomerisatiori at each catalyst pretreatment
temperature studied.
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Catalyst
Pretreatment
Temperature/K

473

573

673

773

873

15

28

20

20

20

34

46

Reaction
Temperature/K
273
261

32

250

31

241
Average R(%)
Value

35

33

36

37

46

40

33

24

33

37

32

Table 9.127The R(%) value of H-ZSM5 for the but-1ene
isomerisation at each catalyst pretreatment
temperature studied

Catalyst
Pretreatment
Temperature/K

473

573

673

773

873

273

59

33

52

25

45

261

53

35

53

34

59

250

51

49

34

19

39

241

44

23

33

81

47

52

35

43

40

48

Reaction
Temperature/K

Average R(%)
Value

1

Table 9.13: The R(%) value of Si0 2 =-Al 2 0 3 powder for the
but-1-ene isomerisation at each catalyst pretreatment temperature studied
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Tables 911, 912 and 913 also show the average value of
R(%) obtained for HFu1,H=ZSM5 and Si0 2 Al 20 3 at each
catalyst pretreatment temperature respectively. The average
values of R perhaps demonstrate that the two zeolites were
deactivated to a similar and greater extent than Si0 2 -Al 20 3
by the presence of butene polymer. The average value of
R(%) for Si0 2 Al 2 0 3 pretreated at 773 K (i.e. 40% - see
Table 913) is, however, of limited application due to the
wide range of R(%) observed at reaction temperatures of
250 K and 241 K.
Jacobs et a1

93 have demonstrated that the greatest

deactivation of hydrogen Y zeolite (i0e0 the lowest R
value), for the butl-ene isomerisation, occurred when the
concentration of zeolitic hydroxyl groups was at a maximum.
This is shown also to be the case for H-Ful in Figure 911,
where the comparison of --the average value of R(%) with the
observed first order rate constant for the butl-ene
isomerisation over a fresh sample of H-Fu1 at 250 K
(see Table 902(a)), at different zeolite pretreatment temperatures,
demonstrates that the maximum catalytic activity occurred
at that pretreatment temperature associated with maximum
zeolite deactivation. This suggests that the hydroxyl
groups play an important role in the formation of polymeric
butene, as has already been considered in section 83, and in
several reports in the literature (see section 53) (l39,l86,l93,237

Figure 9.11: The comparison of the average value R(%) and the observed first order
rate constant over H-Fu--1 at 250 K, as the zeolite pretreatment
temperature was increased,
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The results obtained for H-ZSM-5 (see Table 912) and
SiO 2 Al 20 3 (see Table 9,13) cannot suggest the occurrence of
this role for the respective hydroxyl groups on the catalyst
surfaces

97 The Isomerisation of Cis But-2ene over H-Ful, HZSM5
and SiO 2 -Al 2 O 3
The results presented and discussed in section 93 to
96 have shown that the activity of HFu-1, HZSM='5 and
SiO 2 Al2 O 3 was perhaps characterized by Bronsted acidity.
According to Hirsch1er 232234 the observed interconversion
of the cis and trans- but-2-ene isomers (208) denies the
possibility of the butenyl allylic carbonium ion as the
reaction intermediate, and thus Lewis type acidity cannot
play any significant role in the catalytic process (see
section 52)

It is thus evident that any observed

conversion of cis but-2-ene to transbut2-ene over HFu-1,
H-ZSM5 and SiO 2 Al 2O 3 would involve the presence of the
sec-butyl carbonium ion as the reaction intermediate. The
magnitude of the initial trans but'2ene to but_loene ratio
(i.e.' (trans-2/but-1)), furthermore, would perhaps indicate
the relative acid strengths of the three catalysts (see
(22O222)
section 512)
0

The method adopted for analyzing the isomerisation of
cis but-2-ene over H-Fu-1, H-ZSM-5 and SiO 2 Al 2O 3 , under the
experimental conditions employed for the but-1-ene
isomerisation, exactly paralled the process used for
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investigating the characteristics of the but-l-ene isomerisation.
The first order rate plots obtained for the isomerisation
of cis but2'ene over HFul, H-ZSM-5 and SiO 2 Al 2 O 3 powder
at 273 K, the catalysts having been pretreated in the
temperature range of 473 K to 873 K, are shown in Figures 9.12,
9.13 and 9.14 respectively. The only products observed
were trans but2ene and but1ene.
Figures 9.12, 9.13 and 9.14 show that there occurred a
break in the slopes of the first order plots for the conversion
of cis but2ene at 273 K over the three catalysts, with
a fast initial rate of conversion being replaced by a much
slower constant rate. This effect was more pronounced for
the two zeolites than it was for the SiO 2 Al 2O 3 powder. The
observed interconversion of the but2ene isomers denies the
existence of the butenyl allylic carbonium ion as the
reaction intermediate, and suggests the role of Bronsted acid
hydroxyl groups as the catalytically active centres of the three
catalysts (232234)
Further evidence for this suggestion arises out of
consideration of the data given in Table 9,14, where the
first order rate constants for the slower subsequent constant
rate of cis but2-ene conversion over H-Fu1, H-ZSM='5 and
SiO 2 -Al 2 O 3 powder at 273 K (at different catalystpretreatment temperatures) are shown. The data from Table 9,14
is demonstrated in Figure 9.15. Figure 9,15 indicates that
the activity profile for the activity of HFu1 and Si0 2 -A1 2 0 3
closely follows the characteristic behaviour expected of a

Figure 9.12: The first order rate plots for the isomerisation of cis but-2-ene over
11-Fu-1 at 273 K as the zeolite pretreatment temperature was varied,
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Figure 9.13: The first order rate plots for the isomerisation of cis but-2-ene over
H-ZSM--5 at 273 K as the zeolite pretreatment temperature was varied.
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Figure 9,14: The first order rate plots for the isomerisation of cis but-2-ene over
Si0 2 -Al 2 0 3 powder at 273 K as the catalyst pretreatment temperature was varied.
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typical Bronsted acid catalyst (see Section 941)

The profile

obtained for HZSM-5 can also be attributed to the presence
of catalytically active hydroxyl groups although in this
case the hydroxyl groups are far more stable. This stability
has been attributed to the high S:i0 2 /Al 20 3 ratio of the
zeolite 265 (see section 941)

Catalyst
Pretreatment
Temperature/K

HFu-1
Rate Constant/

m in - g l
mm

H-ZSM5
Rate Constant/
mm. -1 g 1

Si0 2 -Al 2 0 3
Rate Constant/
mm l g -1

473

021

041

068

573

016

034

0.,75

673

0010

032

022

773

004

027

029

873

0.06

-

006

Table 914: The isomerisation of cis buto2_ene over H-Fu-1
H-ZSM5 and Si0 2 -Al 20 3 powder at 273 K as the
catalyst pretreatment temperature was varied. The
observed first order rate constants for the slower
subsequent constant cis but-2-ene conversion (see
Figures 912 to 914 inclusive)

0

Table 915 demonstrates the (Trans-2/But-1) 0 values
obtained for the cis but'2-ene conversion depicted in
Figures 9.12,913 and 914 for H-Fu-1, H-ZSM-5 and Si0 2 -A1 20 3
respectively.
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Catalyst
Pretreatment
Tarature/K

H-Fu-1
(Trans-2/-But-1)

H-ZSM-5
(Trans2/13it-1)

Si02-A1203
(Trans2,'ut1)

473

09

36

46

573

24

36

500

673

30

40

2.8

773

23

32

48

873

18

[

58

Table 915: The (Trans-2/But-1) 0 ratios for the isomerisation
of cis but-2-ene over H-Fu-1 H-ZSM=5 and Si0 2 -A1 20 3
at 273 K as the catalyst pretreatment temperature
was varied.

Table 915 demonstrates that the (Trans='2/But-1) 0 values
observed over H-Fu-1 were consistently lower than those
observed over H-ZSM-5 9 which in turn were lower than those
observed over Si0 2 -Al 2 0 3 ,

98 Discussion
The rate data results presented in section 97 for the
isomerisation of cis but2ene over HFu-1, H-ZSM5 and
Si0 2 -Al 2 0 3 have strengthened the suggestion (see sections
93 to 96 inclusive) that the catalytic activity of the
three catalysts is due to their inherent Bronsted acidity.
The rapid deactivation of H-Fu-1 and H-ZSM-5 in the
presence of cis but-2-ene (see Figures 912 and 913 respectively)-
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when it was not observed in the presence of but-l-ene (see
Figures 7.2(a) and (b) respectively)

could perhaps be

explained by the larger critical diameter of the cis but='2-ene
molecule (558

R)

and the proposed restricted access channels

of the two zeolites0 This would perhaps cause the centres of
catalytic activity of the two zeolites to rapidly pass to
their respective external surfaces. This suggestion, however,
is unlikely since the same effect was observed for
Si0 2 -A1 2 0 3 (see Figure 914), albeit to a lesser extent.
In order to determine whether the presence of cis
but-2='ene produced a polymeric residue on the three catalysts
(as was the case for but='l-ene - see Chapters 7 and 8) , a
similar method as that adopted for the butl-ene isomerisation
was carried out (see section 731)

After exposure to

cis but-2-ene at 273 K during Run (1) each catalyst sample
was evacuated at 273 K for thirty minutes and a second
dose of cis but-2ene was re-admitted into the reaction vessel.
The subsequent isomerisation of cis but-2-ene (Run (2)) was
monitored over each catalyst at each catalyst pretreatment
temperature studied. Figures 916, 917 and 918 illustrate
the first order plots obtained for the Run (2) isomerisation
of cis but2-ene at 273 K over H-Fu-1, HZSM-5
and Si0 2 =A1 2 0 3 respectively, at each catalyst pretreatment
temperature studied.
Figures 9.16.917 and 918 demonstrate that the rapid
deactivation of the catalysts associated with Run (1) (see
Figures 912, 913 and 914 respectively) did. not occur
for Run (2). This result suggests that the mechanisms involved

Figure 9.16: The first order plots for the Run (2) isomerisation of cis but-2-ene over
H-Fu-1 at 273 K as the zeolite pretreatment temperature was varied,
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Figure 9,17: The first order plots for the Run (2) isomerisation of cis but-2-ene over
H-ZSM-5 at 273 K as the ,zeolite pretreatment temperature was varied,
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with the rapid deactivation of the catalysts observed in Run (1) )
in the presence of cis but2ene ) were probably the same.
Table 916 below compares the first order rate constants
observed for the Run (2) isomerisation of cis but-2-ene
at 273 K over HFu1 9 H-ZSM5 and SiO 2 Al 2 O 3 for each
catalyst pretreatment tiinperature studied. The R(%)
values (see section 9,6 for a definition of R(%)) are also
included in Table 9.16.
Catalyst
Pretrealiuent
Tnperature/K

HF\-1
First Order
Rate Constant
Run (2)/
mm

l

f

-

HZS45

R(%)

l

473

First Order
Rate Constant
Ran (2)/
. l l
ing
min

R(%)

sio2

i2o3

First Order
Rate Constant

R(%)

Thin (2)/
. =1 =1
min
-1

0010

24

031

46

573

0010

63

013

38

035

47

673

008

80

016

50

014

64

773

003

75

014

52

o2o

69

873

004

67

-

007

117

Table 916: The observed first order rate constants and R(%) values
for the Run (2) isomerisation of cis but-2ene over
H-Fu1, HZSM5 and Si0 2 A1 2 0 3 at 273 K as the
catalyst pretreatment temperature was varied.
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The comparison of Table 916 with Tables 911, 912 and
913 demonstrates that in every case the R(%) values
associated with the isomerisation of cis but-2-ene (Run (2))
over deactivated samples of H'Fu-1, H-ZSM5 and SiO 2 -Al 2O 3
respectively were greater than those for the Run (2)
isomerisation of but-l-ene0 The R(%) values calculated
for cis but2ene, however, do not take into account the
rapid deactivation of the catalyst observed in Run (1)
The question remains as to why the three catalysts rapidly
deactivated in the presence of cis but2ene during Run (1),
whereas this phenomenon was not observed for the isomerisation
of but-lene over the same three catalysts during Run (1)
Jacobs et al (193) have demonstrated that the but-2-ene
isomers preferentially adsorbed on hydrogen Y zeolite,
with respect to but1-ene, to produce a strongly adsorbed
polymeric species (see section 53)

Peri 224 , furthermore,

has observed that strongly adsorbed butl-ene on alumina
resembled cis but-2-ene0. Weeks et al (239,240)have reported
that the polymeric species formed from the isomerisation
of but-l-ene over hydrogen Y could possibly have been formed
from the rapid primary isomerisation of the reactant to
cis but-2-ene, followed by a polymerisation/hydrogenation
of the but-2ene isomer to 3,4-dimethyl hexane (see
section 5.3). It thus could perhaps be the case that the
rapid deactivation of H-Fu-1, H-ZSM-5 and Si0 2 -A1 2 0 3 in the
presence of cis but-2-ene was

a result of the formation

of saturated 3,4-dimethyl-hexane'
239 24°

0

The reason
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for the but-lene isomerisation following good first order
kinetics, despite the presence of strongly adsorbed cisbut-2-'ene, could therefore be due to the reasons explained
in section 84 (see equation 82)
The values of the (Trans-2/But-1) 0 ratios given in
Table 915 for the Run (1) cis but=2-ene isomerisation over
samples of H-Fu='l, H-ZSM5 and SiO 2.-Al 2 O 3 pretreated at
different activation temperatures,can be interpreted in
terms of the energy barrier heights between the proposed
reaction intermediate (i0e0 the secondary butyl carbonium
ion) and the reaction products (see section 51)
According
to the work of Lombardo et al (222) the differences in the
observed (Trans-2/But-1) 0 ratios can be attributed to the
relative strengths of the acidities of the three catalysts
studied: i.e. Si0 2 -A1 2 0 3 > H-ZSM-5 > H-Fu-10 This
suggests that the isomerisation of cis but-'2-ene was more
concerted over H-Fu=l than it was over Si0 2 -A1 20 3

0

Since

Table 915 indicates that the (Trans-2/But-1) 0 ratios were
independent of catalyst pretreatment temperature for each
catalyst studied, it would seem possible that the acidity
of the catalysts did not decrease as the Bronsted acid sites
were dehydroxylated (cf. Si0 2 -Al 2 0 3 and H-Fu-1), but that
the number of Bronsted acid hydroxyl groups decreased with
increasing catalyst pretreatment temperature.
Alternatively, the lower (Trans-2/But-1) 0 ratios
observed over the zeolites with respect to Si0 2 -Al 20 3 , can
perhaps be rationalized in terms of the transition-state
selectivities (see section 434) exhibited by both H-Fu-1
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and HZSM-5, this effect being more prominent with the former
zeolite0 If this was the case then the rotation of the
methyl group on the C 3 carbon of the secondary butyl
carbonium ion to the trans position (see Figure 52) would
be more restricted within the channel structure of HFu='l
than within the channel structure of H-'ZSM='50 This effect
has been reported for the isomerisation of cis but-2-ene
over cobalt-exchanged X zeolite by Hoser and Krzyzanowski 24
(see section 5.3). If the isomerisation of cis but2-ene
over HFul and HZSM-5 was characterized by transition=
state selectivity then it is very difficult to ascertain
whether the acidity of Si0 2 -A1 2 0 3 is greater than that
of the two zeolites0
From the consideration of the preceeding sections
(see 724, 74, and 85) it is likely that the active sites

of H='Fu='l, H-ZSM5 and Si0 2 Al 2 0 3 were of similar acidities,
with the restrictive channel dimensions of the zeolites
contributing to not only the lower (trans-2/but-1) 0 ratios,
but also to low reaction rates (that have been limited by
diffusion). The results presented in this section and
section 97 are therefore perhaps indicative of a more
restricted channel zeolite lattice for H-Fu-1 than
for H-ZSM-50

290CHAPTER 10

CATALYST POISONING

1001

Introduction
In Chapter 9 it was shown that the catalytic activity of

H'Fu='l, HZSM-=5 and SiO 2 -Al 2 O 3ô for the isomerisation of
butlene and cis but2ene, indicated the participation of surface
hydroxyl groups in the reaction mechanism. In the presence
of chemisorbed basic molecules therefore the activity of
the three catalysts for the but'lene isomerisation could
perhaps be reduced or eliminated. Vedrine et al (201)
have reported the almost complete disappearance of the 3720,
3665 and 3605 cm hydroxyl bands of HZSM5 upon the
chemisorption of pyrid'ine (see section 4.5.3). A measure of
the Bronsted acidity of SiO2 Al 2 O 3 has been obtained by
Ward and Hansford 266 who measured the intensity of the
1545 cm absorption band in the presence of chemisorbed
pyridine (see section 3.2.4). The effect of adsorbed molecules
on the hydroxyl groups of H='Ful has been reported in Table 4.3.
The aim of this chapter is to compare the effect of
adsorbed basic molecules on the catalytic activity of H=Fu1,
H=ZSMo5 and Si0 2 Al 20 3 for the but_l.=ene isomerisation0
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10,2 The effect of Pyridine on the Cataly ti c Activity of
HZSM5g -2=223 and HFu10
The method employed for the adsorption of pyridine on
all the catalyst samples was as follows: after the catalyst
had been pretreated in vacuo at 673 K for fifteen hours the
temperature was lowered to that of the reaction temperature.
The catalyst was then exposed to a known pressure of pyridine
at the reaction temperature for five minutes. At the end of
this time r the residual pressure of pyridine was noted and
the catalyst evacuated at the reaction temperature for five
minutes. In this way the maximum number of pyridine molecules
adsorbed by the catalyst sample could be established. The
isomerisation of but1ene was subsequently monitored qs
previously described.
The results obtained for the isomerisation of butl-ene
over HZSM"5 samples at 250 K containing a varying maximum
number of adsorbed pyridine molecules, are given in Table 101
Good first order kinetics were observed in all cases.
Maximum Number of
Adsorbed Pyridine
Molecules
1
20
X 10
q0

Observed
First Order
Rate Constant/
mm
0.39

(Cis/Trans) 0

1.07

0.6

0.24

0.81

1.3

0.19

1.40

1.8

0.19

1.04

25

0.09

1.64

29

0.02

1.44

Table 1001 The effect of adsorbed pyridine on the isomerisation of
but-l-ene at 250 K over H-ZSM-50
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The rate data from Table 101 are shown in Figure 1001
and indicate that as the maximum number of adsorbed pyridine
molecules increased, the observed first order rate constant
decreased in perhaps a linear fashion. The approximately
linear effect of pyridine on the catalytic activity of HZSM5
for the but4-ene isomerisation suggests that the effectiveness
factor of the zeolite for this reaction approached unity (267)
0

This suggests that the fraction of the catalyst activity
left, after poisoning was perhaps directly proportional to
the fraction of the zeolite surface left unpoisoned0 This
indicates that pore-mouth poisoning of the HZSM5 channels
had not taken place.
The rapid poisoning of the HZSM5 zeolite, however, by
the presence of preadsorbed polymeric butene (see section 70303)
suggested that the catalyst activity dropped rapidly as the
fraction of the zeolite surface containing adsorbed material
increased. This indicates that the polymeric butene rapidly
reduced the available surface area of the zeolite0 This
has also been established by the effect of polymeric butene
on the nbutane surface area of HZSM-5 (see Table 711)

0

It has also been shown in Table 42 of this study, and by
Vedrine et ai(20U, that pyridine molecules would be accessible
to the active sites on H-ZSM5 that were also accessible to
but-l='ene0 The fact that the adsorption of pyridine on HZSM-5
has been shown to indicate the presence of both Bronsted and
Lewis acidity on the zeolite surface (201), does not pinpoint
the nature of the active sites responsible for the but-1ene
isomerisation0 The evidence presented in Chapter 9, however,
suggested the participation of zeolitic hydroxyl groups.

0.40

Figure 10.1: The effect of adsorbed pyridine on the isomerisation
of but-1-ene at 250 K over H-ZSM-5.
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The values of the (cis/trans) 0 ratios given in Table 101
perhaps suggest that the product selectivity of the but-lene
isomerisation was invariant with respect to the presence
of pyridine, but in fact tended to slightly increase as a
consequence of the slower reaction rate. The relationship
between the product selectivity and reaction rate has
been discussed in section 942 Table 102 indicates how
the presence of pyridine produced the observed first order
rate constant for the isomerisation of butlene over
SiO 2 Al 2 0 3 pellets at 250 K.
Maximum Number of
Adsorbed Pyridine
Molecules x 10 20 •gram

Observed First Order
Rate Constant
mingram1

(Cis/Trans) 0

0

0.33

0.94

101

016

080

1.9

0.12

094

22

0.15

1.17

24

0.13

077

Table 102 The effect of adsorbed pyridine on the isornerisation
of butlene at 250 K over Si0 2 Al 2 0 3 pellets.
The observed first order rate constants given in Table 102
indicate that the presence of pyridine reduced the rates of
the but-1-ene isomerisation over the SiO 2 Al 20 3 pellets to
an approximately constant value. The inability of pyridine
to completely prevent the isomerisation could perhaps be due

- 295 to the macropores of the Si0 2 -Al 2 O 3 pellet (103) preventing
the pyridine molecules from having complete access to all
the catalyst active sites, while still allowing the
passage of the n-butene molecules. Alternatively, it
is possible that the pyridine molecules did not adsorb on
all the active sites of Si0 2 -A1 20 3 , due to the low
(227) have
temperature of the adsorption. Clark and Finch
reported that the active sites of SiO 2 Al 20 3 possess a
distribution of energies, with the active sites for the
but-lene isomerisation in the intermediate range. Thus at
low and high temperatures of base molecule adsorption, those
sites active for the butl=ene isomerisation would not be
so poisoned. Table 102 indicates that the product
selectivities of the butol.=ene isomerisation over Si0 2 -A1 20 3
pellets were unaffected by the presence of pyridine0
The effect of pyridine on the but-l-ene isomerisation
over H-Fu-1 was to completely poison the reaction. The
20 pyridine molecules per
adsorption of only 06 x 10
gram of H-Fu1 resulted in the poisoning of the subsequently
attempted but-l-ene isomerisation at 250 K. This experiment
was attempted several times: all with the same result.
Since pyridine has access to only 06 x i0 2° active sites
per gram of H-Fu-1 (see Table 42), and since pyridine was
prevented from having access to the 3610 cm- 1 hydroxyl groups withir
(86) of H-Fu-1 (see
the 52-53 R restrictive pore-dimension
Table 43), it is important to establish whether, in fact,
but-1-ene had access to the 3610 cm -1 hydroxyl group.
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The rate and product selectivity data discussed in section 74,
suggested that butlene had access to all the active sites
within the HFul zeolite, and not just to those hydroxyl
groups present on the unconstrained external surface of the
zeolite (see section 724)

In section 106, moreover,

the interaction of but1=ene with a deuterated sample of HFu=-1
is discussed, and shows conclusively that butlene interacted
with the 3610 cm- 1 hydroxyl group. Thus not only must the
pyridine molecules be poisoning the 06 x 1020 active sites
that are .accessible to them, but they must also be preventing
the but1ene molecules from having access to the Bronsted
acid sites (see Chapter 9) characterized by the 3610 cm -1
hydroxyl band in the infra-red.

103 The Effect of Ammonia on the Cata l y t ic Activity of HFul
In section 102 it was reported that the presence of
pyridine completely poisoned the isomerisati:on of but-lene
over HFu1. The effect of ammonia on the rate of the
isomerisation of but1-ene over H-Fu1 is shown in Table 103,
and indicates that as the amount of adsorbed ammonia increased,
the observed first order rate constants decreased. The
experimental method of the ammonia adsorption was the
same as that method employed for the adsorption of
pyridine described in section 102 All adsorption and
reaction temperatures were at 250 K.
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Maximum Number of
Adsorbed Ammonia
Molecules x 10 20 gram 1

Observed First Order
Rate Constant
mm 1 gram -1

(Cis/Trans)

0

0.25

1.48

101

011

199

1.5

011

2.02

1.8

0.08

2.40

42

0001

320

Table_lO3 The effect of adsorbed ammonia (250 K) on the
isomerisation of but1ene at 250 K over H-Fu1

The rate data given in Table 103 is shown in Figure 102
Figure 102 indicates that the presence of adsorbed ammonia
reduced the observed first order rate constants over
H.=Fu.=1 for the but1-ene isomerisation0 The shape of the
curve produced indicates only a slight degree of pore-mouth
poisoning (267) £ thus suggesting that the sites of the
ammonia adsorption were also the sites for the but-1ene
isomerisation0 A theoretical extrapolation of the curve in
Figure 102 indicates that H-Fu-1 would be completely
poisoned by the adsorption of 45-=.6 x 1020 ammonia molecules
per gram of zeolite: a result in good agreement with the
potential active site count of H-Fu-=l given in Table 42
This is a further indication that the but-1-ene molecule
can enter the 52-53

R

restriction within the H-'Fu-1

zeolite (see Table 43 and section 7.4).

Figure 10.2: The effect of adsorbed ammonia on the isomerisation of but-1-ene
0.26

at 250 K over 11-Fu-1.
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The (cis/trans) 0 ratios given in Table 103 are a
further indication that the lower the reaction rate, the
greater was thee observed initial production of cis but2-ene
with respect to trans but2ene. Since the reactions were all
measured at the one temperature, it is probable that the
selective adsorption of trans but2ene was not significant
Indeed, the selective adsorption of trans but2-ene would
be expected to decrease as the level of adsorbed ammonia
increased. This suggests that a strong diffusion-control of
the reaction occurred at higher reaction rates, with the
subsequent secondary isomerisation of cis but-2-ene to trans
but=2-ene0 This indicates that the intrinsic (cis/trans) 0
ratio obtained over H-Fu-1 for the but-1ene isomerisation was
perhaps greater than 10 (see Table 902(b))0 Since the
(cis/trans) 0 values were found to decrease over deactivated
samples of H-Fu-1 (compare Tables 902(b) and 906(b)), even
though the reaction rates over the deactivated samples were
lower, it might be that the selective adsorption of
trans but-2ene was the primary cause of intrinsically high
product ratios. The presence of polymeric butene in the
deactivated H-Fu-1 samples, however, could act as a
restriction to the diffusi'of cis but2ene out of the
zeolite0 Thus the concentration of cis but-2-ene would
increase within the zeolite, so that the observed (cis/trans) 0
ratio would be much lower than the intrinsic value.
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104 The Effect of Water on the Catalytic Activiy_pf H-Ful
and H-ZSM5
In section 3.2.3 and 33 the interaction of zeolite
surfaces with water was discussed. The non-reforming of the
zeolitic hydroxyl groups, upon the addition of water to
dehydroxylated zeolite samples, suggested the stabilisation
of cationic aluminium outside the zeolite lattice. This
hydrolysis (123126) of lattice aluminium has been attributed
to the presence of hydronium ions (see section 29) within
.
Vedri.ne
et al (201) have observed
the zeolite pores (159)
0

the dealumination of HZSM5 at higher zeolite pretreatment
temperatures (see section 4.5.3).
In section 93 it was shown that the active sites of
HFu-1 and HZSM-5 (and Si0 2 -Al 20 3 ) for the but-l-ene
isomerisation were surface hydroxyl groups. While the
data given in Table 9.2(a) indicated that the concentration of
the hydroxyl groups on H-Fu-1 were at a maximum in the zeolite
pretreatment range of 573673 K, that for H-ZSM-5 indicated
that hydroxyl groups were still present in large concentration
at 873 K.
The aim of this section is to examine the effect of water
on the activity of HFul and H-ZSM-5 samples pretreated at
673 K. The experimental method of the water adsorption was
the same as that method employed for the adsorption of
pyridine and ammonia. All adsorption and reaction temperatures
were at 250 K. The effect of water on the observed first
order rate constants for the but-l-ene isomerisation over
HFu-1 and H-ZSM-5 are shown in Tables 104 and 105
respectively. All the reactions followed good first order
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kinetics in the conversion of but-l-ene. The rate data from
Tables 10,,4 and 105 are shown in Figure 103

Maximum Number of
Water molecules
adsorbed per gram
of H-Fu1
x 1 20

Observed First
Order Rate
Constant
min 1 gram

(Cis/Trans)

0

0.25

1,48

18

008

2.02

21

003

2,80

26

0.05

1.64

48

0.01

260

Table 104 The effect of adsorbed water (250 K) on the
isomerisation of but-l-ene at 250 K over
H-Fu--1,
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Maximum Number of
Water molecules
adsorbed per gram
of HZSM-5
x 10 20

Observed First
Order Rate
Constant

(Cis/Trans)

min--i

0

0.39

1.07

1.4

0.55

1.02

1.9

0.35

1.15

3.9

0.18

0.91

6.3

0.08

2.42

604

0010

1.91

7.4

0.09

1.80

Table 10.5 The effect of adsorbed water (250 K) on the
isomerisation of but-1-ene at 250 K over
H-ZSM=-5

0

The activity profile of H-Fu-1 given in Figure 10.3
suggests that the active sites of the zeolite responsible for
the adsorption of water were also responsible for the
isoinerisation of but-l-ene. The extrapolation of the
H-Fu-1 profile (see dotted line Figure 10.3) suggests
that 5-6 x 10 20 water molecules per gram of zeolite would
poison H-Fu1 for the but-1-ene isomerisation0 This is in
good agreement with the active site count of H='Fu-1 given
in Table 4.2: it also suggests that the sites of water
adsorption were the same as those responàible for the
ammonia adsorption (see section 10.3 and Figure 10.2).

Figure 10.3: The effect of adsorbed water (250 K) on the Isomerisation of but-1-ene
at 250 K over H-Fu-1 and H-ZSM-5.
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In section 9.4.1 it was concluded that the isomerisation
of butl-ene over H-Fu-1 occurred via the participation of
the zeolitic surface hydroxyl groups, i0e0 via the sec=-butyl
carbonium ion as the reaction intermediate,. If this is the
case then it would be expected that the presence of water
would enhance the reaction rate as, indeed, observed for
Si0 2 -Al 2 0 3 215 ' 268

0

The behaviour of HFu-1 to water,

shown in Figure 103, is more characteristic of a catalyst
whose activity is inversy proportional to the water
content, as discussed for Al 2 0 3 in section 54(215)
Figure 31 demonstrates that the ratio of zeolite
surface hydroxyl groups to aluminium ions is one to one,.
Furthermore, the active site count for H'Ful closely paralled
the number of aluminium ions present in the zeolite lattice
(see section 4.6.3.2).

It is thus perhaps possible that

the initial stage in the but-l-ene isomerisation was the
adsorption of but1ene onto the aluminium ions within the
zeolite lattice. The close proximity of the aluminium ions
with the surface hydroxyl groups (see Figure 31) would
allow the interaction of the adsorbed but1-ene molecules
with the surface hydroxyl groups to produce a Brons ted
acid mechanism characterized by the involvement of the
sec-butyl carbonium ion. This mechanism has been proposed
by several authors for Si0 2 -A1 2 0 3

8 ' 224230

0

Since this suggestion for the reaction mechanism for
the but='l-ene isomerisation over H-Fu-1 involves the
participation of the zeolitic hydroxyl groups, even though
the initial adsorption stage appears to be characterized
by the involvement of adjacent aluminium ions, then the
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observation that the initial deactivation (C 1 ) of H-Fu-1
(see section 83) depended on the zeolite surface hydroxyl

groups was not necessarily contradictory evidence This
suggests that the polymerisation of but-l-ene occurred via
the participation of the zeolitic hydroxyl groups as
suggested by Hirschler 232234 for Si0 2 =A1 2 0 3 (see section
5,2)

This conclusion however, contradicts the reaction

mechanism proposals made by Weeks et al (239) (see section 53),
but agrees with the suggestions made by several other authors (139,186,193,237)
Since the concentration of hydroxyl groups in H-Fu-1
was observed to be nearly at a maximum at a zeolite
pretreatment temperature of 673 K (see Table 902(a)), it is
likely that the addition of water molecules had no recourse
to the rehydration of Lewis acid sites. Furthermore, the
established presence of hydronium ions within the H-Fu-1
zeolite (due to the presence of the 3720 cm. -1 band in
the infra-red: see Table 718), was unlikely to dealuininate
the H-Fu-1 lattice, as suggested by Chen (121) and
Vedrine et al (201) for hydrogen zeolites, since little, if
any, dealumination of H-Fu-1 occurred when the zeolite was
treated with fuming nitric acid (see Chapter 6) (205)
The effect of adsorbed water on H-ZSM-5 (see Figure 103)
was markedly different from that observed on H-Fu-l.
Figure 103 perhaps suggests that the initial rise in the
activity of HZSM-5 (an experimentally significant result)
upon the addition of water, was due to the catalytic activity
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of HZSM-5 being proportional to the hydroxyl group content as' suggested by Anderson et al

96

The decrease in the

activity of HZSM-5 upon the further addition of water
molecules above the active site count (see Table 42 and
Figure 103) perhaps indicated that the but-l-ene molecules
could no longer establish contact with the surface hydroxyl
groups. It is extremely doubtful whether the effect of
water on the activity of H-ZSM-5 for the but-l-ene
isomerisation can accurately be explained in terms of
exposed aluminium ions,due to the promotion of the same
reaction by H 2 S (see section 1051)

1051 The Effect of Hydrpgen Suphide on H-Fu-1, H-ZSM-5
and Si0 2 -A1 2 0 3

0

In section 104 it was proposed that the aluminium ions
of the H-Fu'=l lattice were perhaps the sites responsible
for the initial adsorption of but-1-ene0 It became apparent
that this was unlikely to be the case for H-ZSM50 This
could perhaps be due to the relative lack of the aluminium

ions in the lattice of the latter zeolite: see chapter 6
for respective Si0 2 /A1 2 0 3 ratios.
It has been established (244-247) that hydrogen sulphide
(H 2 S) dissociatively adsorbs onthe exposed aluminium ions
of the alumina surface at room temperature, and thus prevents
the isomerisation of but-l-ene (see section 54)
the effect of the addition of H 2

0

Thus

to H-Fu-1, H-ZSM-5 and

Si0 2 -A1 20 3 at room temperature on the but-l-ene isomerisation,
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could possibly act as a test for the hypotheses advanced
in section 1004 9 and can be compared with the Lewis acid
characteristics of the aluminium ions of Si0 2 -Al 2 0 3 given
in the literature8'224 229,235)
After pretreating the three catalysts for 15 hours
at the chosen pretreatment temperature, each catalyst
was exposed to approximately 2 x 1O 3 Nm 2 (15 Torr) of
H 2 S at 293 K for one hour. At the end of this period of
H 2 S exposure, the catalyst samples were evacuated at 293 K for
five minutes. The catalysts were then lowered to a reaction
temperature of 250 K, and the subsequent butl=ene
isomerisation was followed at this temperature. Table 106
demonstrates the observed first order rate constants and
product selectivities obtained for the isomerisation of
but1'ene over samples of HFul, H=ZSM5 and pellets of
Si0 2 Al 20 3 that had been pretreated with H 2 S0
All the reactions studied followed good first order
kinetics in the conversion of but-1=ene0
In order to compare the results obtained for the effect
of the adsorption of H 2 S on the Si0 2 -A1 2 0 3 pellets, it was
necessary to establish the values for the observed first
order rate constants and (cis/trans) 0 ratios for the but1ene
isomerisation over the unpoisoned Si0 2 -A1 20 3 pellets at
250 K, as the catalyst pretreatment temperature was
increased. These values are given below in Table 107
All the reactions studied followed good first order kinetics
in the conversion of but-lene0

Catalyst Pretreatxrent

I

H-Fu--1
Observed First
Order Rate
Constant
min 1g 1

00

H-Fu-1

I

H-ZSM-5

Observed First
(Cistftans) 0 Order Rate
Constant
-1 -1
min

H-ZSM-5

(Cis/Trans)

Sio21203
Observed First
Order Rate
Constant
mixi 1g 1

Si02 -Al 203 (a)

(Cis/Trans)

473

O15

0.88

0.57

0.68

0.31

0,78

573

0.17

1,02

0.56

1.05

0,32

0,66

673

O,O8

-

0,15

1,46

773

m5

1,33

0,14

0.75

873

0.06

0

M

Table 10.6

The effect of the adsorption of H

2 S at 293 K on the catalytic activity of H-Fu-1,
H-ZSM-5 and Si0 2 -Al 2 03 for the isomerisation of but-l-ene at 250 K.

(a) : Isomerisation on SIO 2 -Al 2 O 3 pellets.
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Observed First Order
Rate Constant
mm 11
g

Catalyst
Pretreatment
Temperature/K

(Cis/Trans)

373

007

099

473

029

094

0044

1.20

673

0,33

0,94

773

0.10

092

1

573

0

873
Table 10,7 The observed first order rate constants and (cis/trans)
ratios for the but-1-ene isomerisation of
Si0 2 -A1 20 3 pellets as the catalyst pretreatment
temperature varied.

Table 107 demonstrates that the (cis/trans) 0 ratios
observed over the Si0 2 -A1 2 0 3 pellets were similar to these
observed over the Si0 2 -A1 2 0 3 powder (see Table 904(b))0 This
similarity has been discussed in section 85262)

0

The

reduction of the observed first order rate constants over
the Si0 2 -A1 2 0 3 pellet with respect to the S '0 2 -A '2 0 3p owder
has been attributed to the occurence of Knudsen diffusion within
the macropores of the pellet (103), and has been discussed
in section 85
The effects of H 2 S on the observed first order rate
constants of the but-1ene conversion at 250 K over H-Fu-1,
H-ZSM-5 and Si0 2 -A1 2 0 3 pellets, at increasing catalyst
pretreatment temperatures, are shown in Figures 104, 1005
and 106 respectively.

Figure 10.4: The effect of adsorbed H

2

S (293 K) on the but-1-ene isomerisation over

H-Fu-1 ) at 250 K,as the zeolite pretreatment temperature varied.
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Figure 10.5: The effect of adsorbed H

2 S (293 K) on the but-1-ene isomerisation over

H-ZSM-5,at 250 K ) as the zeolite pretreatment temperature varied.
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Figure 10.6: The effect of adsorbed H 2 S (293 K) on the but - l - ene isomerisation over
Si0 2 Al 2 0 3 pellets 1 at 250 K) as the catalyst pretreatment temperature
varied.
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105,2

The Effect of H 2 S on HFu-1
Figure 104 demonstrates that the presence of adsorbed

H 2 S considerably reduced the observed first rate constants
for the isomerisation of but-1-ene over H-Fu-1 The
actual profile obtained with respect to the zeolite pretreatment temperature, however, suggests that Bronsted acid
sites were still in operation despite the presence of
Since the number of H 2 S
adsorbed H 2 S (see section 941)
molecules (about 50 x 10 20 H 2 S molecules per gram of
catalyst) exposed to the H-Fu-1 zeolite was in considerable
excess over the number of aluminium ions present in the
zeolite lattice (75 x 10 20 A13+ ions per gram see section
463,2), it was probable that all the A13+ ions were
poisoned by the presence of H 2 S LunsfOrd et a1 244 ,
indeed, have observed the complete poisoning of A1 20 3
(for the but-1-ene isomerisation) by the addition of H 2 S0
It was unlikely, furthermore, that the H 2 S, upon
dissociative adsorption 247 , produced catalytically active
hydroxyl groups on the adjacent oxide ions of H-Fu-1,
since no residual activity was observed for the same process
over A1 2 0 3 244

This indicates that the catalytic activity

of H-Fu-1 depended on at least two types of sites: the
surface Bronsted acid sites (see section 941) and
probably exposed A1 3 ions. The overall activity pattern
of H-Fu-1, however, closely followed the behaviour expected
for a zeolite displaying Bronsted acidity (see Chapter 3 and
section 9.41)

This suggests that the activity of H-Fu-1
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for the but-l-ene isomerisation depended on the protonic
character of the surface hydroxyl groups plus the presence
3+
of Al 3+ iions. The necessary presence of the Al ions was
probably not due to their inductive effect s as suggested by
Lunsford

92 and Hopkins

9U, because no significant

change was observed (see section 93) in the apparent
activation energies across the zeolite pretreatment
(193)
From the
temperature range studied (see section
reports in the literature concerning the isomerisation of
but-lene over Si0 2 -A1 20 3 (see section 52) involving
both Lewis and Bronsted acid sites 8?224229S,235), it is
apparent that H-Fu1 may be displaying the same phenomenon.
The similarity of the apparent activation energies observed
over HFu-1 and Si0 2 -A1 2 0 3 at all catalyst pretreatment
temperatures (see Table 95) supports this hypothesis.
The typical Bronsted acid behaviour of H-Ful (see section
941) suggests that the observed first order rate constant
profile was connected with the interaction of adsorbed
butl=ene molecules (on the A13+ ions) with the zeolite
surface hydroxyl groups. The proposed interaction of the
but-l-ene molecules adsorbed on the A13+ ions of the H-Fu--1
surface perhaps corresponds to the development of the

( 229)
A band y ni the electronic spectrum, observed by Webb
3800 R
and Leftin and Hermana 4 for the same reaction over
Si0 2 -A1 20 3 (see section 52)

This interaction also led

to the formation of polymeric butene: an adsorbed species
that could be removed by evacuation at a temperature of
473

25

KO

It is evident from the geometrical isomerisation
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of cis but'2ene to trans but-2-ene that the active sites for
3+
the but-1ene isomerisation were not Al
ions (see
section 97) (41)
The effect of H 2 S on the observed (cis/trans) 0 ratios
can be established by the comparison of the data given in
Table 902(b) and Table 106 This comparison demonstrates
that the presence of H 2 S reduced the (cis/trans) 0 ratios
obtained. Since the observed reaction rates were very low
in the presence of H 2 S, it is likely that intrinsic product
Since the
ratios were observed (see .section 942)
3+
ions in the but-=1-ene isomerisation
participation of Al
itself has been discounted (see above), the lower (cis/trans) 0
values could not have arisen from the non-occurrence of
a Lewis acid mechanism (a Lewis acid mechanism produces high
(cis/trans) 0 values (41,211,215,218,224) 'see chapter 5)
Since the lower (cis/trans) 0 ratios in the presence of
H 2 S could not be attributed to diffusion effects (because the
reaction rate was lower), or the presence of Lewis acidity,
it is perhaps likely that the selective adsorption of trans
but-2-ene within the 52-53

R

pore restriction of H-Fu-1

was reduced. This could have occurred in perhaps three ways:
either through the H 2 S poisoning of the A1 3 ions, or through
the displacement of the seat of catalytic activity to the
external surface of the zeolite0 The third possibility is that
due to the presence of the H 2 S on the A13+ ions of the zeolite
surface, the number of but-l-ene molecules of unconstrained
diffusion within the zeolites channels, ceteris paribus,
was greater, thereby reducing the diffusion of cis but-2-ene
(558

90

out of the zeolite (see section 74)
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10 5 3
.

.

The Effect of H 2 Son Si0 2 -A1 203
Figure 106 demonstrates that the presence of adsorbed

H

2 S on Si0 2 -Al 20 3 pellets reduced the observed first rate
constants for the but-l-ene isomerisation at 250 K,
in the catalyst temperature range of 500 K to 750 K. At the
low (473 K) and high (773 K) pretreatment temperatures,

where the concentration of Bronsted acid sites is expected
to be lower (208), the H 2 S did not poison the reaction The
comparison of Table 106 and Table 107 shows that the
(cis/trans) 0 ratios were not significantly changed by the
presence of H 2 S0

The profile of the activity of the

Si0 2 -A1 2 0 3 /H 2 S system was similar to the profile obtained
for the H-Fu-1/H 2 S system, as the catalyst pretreatment was
increased (see Figures 104 and 106)

This suggests

that the mechanism for the H 2 S poisoning of Si0 2 -A1 20 3
for the but=l-ene isomerisation was similar to that
This implicates
discussed for H-Ful (see section 1052)
3+
the crucial role of the Al ions of Si0 2 -A1 2 0 3 for the but-l-ene
isomerisation, and is thus in agreement with the results
presented in the literature (see section 52) (18,224229,235)

10 5 4
.

.

The Effect of H 2 Son H-ZSM-5

Figure 105 demonstrates the presence of adsorbed H 2 S
on H-ZSM-5 increased the observed first order rate constants
for the but-1ene isomerisation at 250 K, at all catalyst
pretreatment temperatures studied. This result was in stark
contrast to the characteristic poisoning observed over H-Fu-1
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and Si0 2 -Al 20 3 , It has been established that throughout the
catalyst pretreatment range 473 K to 873 K, the acidity of
H-ZSM='5 was characterized by the presence of very stable
hydroxyl groups (see sections 9.4.1 and 97) (265)
Figure 105 demonstrates that the Al 3+ions (the few of
them that were present) of H-ZSM=5 did not participate in
the isomerisation of but-1-ene. The fact that the observed
first order rate constants were found to increase, suggests
that either the poisoning of the A13+ ions was actually
beneficial, or that new acid sites were created by the
adsorption of H 2 S. It is perhaps unlikely that this latter
point was the case, since the complete poisoning of
A1 20 3 by H 2 S has been reported (see section 54) (244)
The fluoridation of Al 20 3 , however, has been reported to
increase its catalytic activity, so it could be that this type
of process was occurring over H-ZSM-5 246 ' 268

The fact

that H 2 S actually increased the values of the observed
first order rate constants obtained, supports the
hypothesis given in section 104 to explain the initial
increase in the catalytic activity of H-ZSM-5 in the presence
of water (see Figure 103), i.e. if the Al 3+ ions did have a
direct role in the isomerisation of but-1-ene, then the
addition of water would be expected to initially reduce the
catalytic activity (see section 54)..
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106 The Addition of But1ene to DFu=l
In order to test the hypothesis advanced in this
study (see sections 74, 102, 103 and 104), that but-1ene
1
molecules were accessible to the 3610 cm- hydroxyl groups
within the 5253 IR pore constraints of HFu1, the following
experiment was carried out.
An H='Ful sample was placed in the infra-=red vacuum
cell and evacuated at 723 K for 15 hours as described in
section 75 The infrared spectrophotometer used was
described in section 464(207)
H-=Fu'-1 in the 4000

The adsorption of

2500 cm.1 wavenuxnber region is shown

in Figure 107
The HFu1 sample in the vacuum cell was heated to
423 K and then exposed to D 2 0 vapour. The D 2 0 had been
degassed three times and was at a temperature of 256 K.
The infrared spectrum obtained, upon starting the absorption
1
at 4000 cm- one minute after exposure to the D 2 0 vapour,
is shown in Figure 10.8(a). Figure 1008(a) demonstrates
that the addition of D 2 0 to HFu=l at 423 K considerably
reduced the absorbance of the silanol band (3740 cni) and
eliminated the hydroxyl bands at 3650 cni' and 3610 cm0
Concurrent with the disappearance of the hydroxl bands was the
formation of three characteristic absorption bands in the
(135)
While the absorption bands at
-OD stretching region
-1 represent the deuterium exchange of
2680 cm and 2620 cm
- l hydroxyl bands respectively,
the acidic 3650 cm and 3610 cm
0

the band at 2760 cm -1 represents the deuterium exchange of the

Figure 10.7: The infra-red spectrum (at 323 K) of a wafer sample of H-Fu-1
pretreated at 723 K for 15 hours.
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3740 cm- 1 silanol group. The slower exchange of this latter
band was due to the lower acidity of the silanol groups with
respect to the acidic hydroxyl groups at 3650 cxn and
3610 cm0
The zeolite sample was exposed to the D 2 0 in the gas
phase for thirty minutes at 543 K, after the recording
of Figure 1008(a), so as to remove as much of the 3740 cm
silanol band as possible. The absorbance of this 3740 cm
band after thirty minutes is shown in Figure 100 8(b)

After

the recording of Figure 1008(b), the vacuum cell was evacuated
for two minutes, and the temperature of the zeolite was
lowered to 323 K. Figure 109 demonstrates the spectrum
obtained upon the addition of 1870 Nm 2 ('14 Torr) of
but-lene to DFu-1 at 323 K, the absorption at 4000 cm
commencing twenty-five minutes after the adition of the
but-lene0
Figure 109 indicates that upon the addition of
but-l-ene to D-Fu1 (Figure 108), the 3650 cm -1 and
3610 cm hydroxyl groups were reformed, with the concurrent
disappearance of the -CD groups at 2680 cm 1 and 2620 cm 1 .
This is probably conclusive evidence that the but-1-ene
molecules had undergone hydrogen-deuterium exchange with
the -OD groups within the 5.2-5.3

pore restriction of

the Fu-1 lattice. This indicates that the 52-53

R

pore

Figure 10.9:

The Addition of but-1-ene to D-Fu-1 at 323 K
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- 323 restriction of the Fu-1 lattice (see Table 43) was
accessible to the but-l-ene molecules. Figure 109 also
demonstrates the formation of polymeric butene (see
section 75)
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CHAPTER 11

CONCLUSION

H-Fu-1, H-ZSM-5 and S10 2 -A1 2 0 3 functioned as Bronsted
acid catalysts for both the isomerisation of but-l-ene and
cis but-2-ene. As a consequence of the Si0 2 /Al 20 3 ratio
being higher in HZSM-5 265 than in H-Fu-1 or Si0 2 -A1 2 0 3 ,
it was proposed that HZSM-5 possessed more stable catalytically
active hydroxyl groups than either H-Fu'l or Si0 2 -A1 20 3

0

The similarity of the apparent activation energy (Ea)
values associated with the isomerisation of but-l-ene
strongly implied that the reaction mechanisms that took
place over each catalyst were probably the same (166)
The
0

observed conversion of cis but-2-ene to trans but-2ene
suggested that the allylic carbonium ion did not participate
in the reaction mechanism associated with H-Fu-1, H-ZSM-5
and Si02-A1203 (41) 0
The lower activity of H-Fu-1 with respect to Si0 2 -Al 20 3
has been ascribed to the conversion rate of but-l-ene being
limited by diffusion. This barrier to butene molecular
diffusion within the lattice structure of H-Fu--1 could result
from either (a) the inherent structure of the zeolite, or
(b) a combination of the structure with the presence of strongly
adsorbed polymeric butene0 This polymeric butene was
observed to immediately form upon exposure of the catalysts
to but-l-ene0
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The rapid adsorption of but-l-ene to form polymeric
butene was found to considerably reduce the activity of all
three catalysts studied, although this deactivation effect
was more enhanced for HFu-1 and H-ZSM-5 than it was for
Si02 -A1 2 0 3 ., The polymeric butene considerab ly reduced the
surface areas of the two zeolites available to n-butane
molecules (to almost the same extent): an indication that
pore blocking had occurred. The 5253

R

pore restriction

of H-Fu1 would most certainly have been blocked to n-butane
adsorption by the presence of polymeric butene (see Table 4.1).
An inverse relationship was established between the
level of polymeric butene on Si0 2 -A1 20 3 pellets and the
diffusion coefficients exhibited by the but-l-ene0 It was
thus probable that the presence of polymeric butene also
considerably influenced the diffusion of but-1-ene within
both H='Ful and H-ZSM-50 Indeed, the similar activities of
H-Fu-1 and H-ZSM-5 for the but-l-ene isomerisation, when
both zeolites contained strongly and weakly adsorbed butene
molecules (see Tables 712 and 713), indicated that certain
aspects of the internal lattice of HFu-1 were perhaps
comparable with those known to exist for H-ZSM-5 (i0e0 a lattice
channel with dimensions in the range 558

R

to 60 )

It has

been conclusively demonstrated, furthermore, that the
isomerisation of but-l-ene over the two zeolites was not
limited to the external surfaces of the respective zeolites0
It has also been shown that but-l-ene had access to those
hydroxyl groups of H-Fu-1 characterized by infra-red
1. Previous infra-red
absorption at 3650 cm- 1 and 3610 cm-
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and base molecule adsorption studies (see Chapter 4) have
shown that the 3610 cm hydroxyl groups of H-Fu-1 are
situated within a 52-5,3

R

pore restriction. It is

extremely likely that the extensive formation of polymeric
butene to produce zeolIte steady-state activity within/
around the 52-53 pore restriction of H-Fu=1 rendered the
3610 cm -1 acidic hydroxyl group inaccessible (see section 74
and Figure 714)

The hydroxyl groups identified by

infrared absorption at a frequency of 3650

(see Figures

7,15 and 107) have also been reported in the side channels
of mordenite. The 3650 cm- 1 hydroxyl groups of H-Fu-1 were
accessible to but-1-ene, but, however, have not been
observed on independent infrared studies of H-Fu-1 (see
section 464) and are not considered to be catalytically
active (130)
The 3610 cm -1hydroxyl groups within the 52-5,3
pore restriction account for at least 90% of the total number
of acid sites associated with H-Fu-1 (see Table 42)

About

10% of the total number of acid sites associated with H-Fu-1
are accounted for by those regions of H-Fu-1 accessible to
pyridine. Such sites are also active for the isomerisation
of but-l-ene (see section 102), but are not characterized
by those hydroxyl groups that absorb in the infra-red at
3610' cm0 The proposed 558

R

to 60

R

channel restriction

of H-Fu-1 would be accessible to pyridine (see Table 403
and section 102), and the catalytically active sites
contained therein are characterized by Bronsted acidity
(see Figure 910 and section 96)

It is thus likely that
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a combination of the proposed channel restriction of 558

R

to 60

with the external surface of HFul contains about
10% (i.e. ca. 6 x 10 19 active sites per gram of zeolite) of

the total number of acid sites. The fact that the steadystate activity of H-Fu-1 (see section 74) is about 10%
of the initial activity for the but-l-ene isomerisation,
allows such activity to be correlated with the number of
sites external to the 52'53

R

restricted region of the

zeolite0
A comparison of the data given in Table 41 with the
data given in Tables 42 and 43 indicates that the voidage
associated with the 52=-53

R

channel restriction enclosing

the 3610 cm -1 hydroxyl groups is very similar to the
voidage available to larger molecules (e.g. p-Xy1ene)
Only molecules whose critical diameters are less than
52/53

9,

(e0g0 methanol, water and ammonia), however, can
enter the channel region containing the 3610 cm- 1 hydroxyl
groups. This discrepancy in the adsorption data might
possibly be explained in terms of a faciliated physical
adsorption of p-xylene within the sheet structure of
H-Fu-10 It could also be the case that the difference
between the total voidage of the zeolite and the voidage
associated with those regions external to the 52-53
restriction is minimal: i0e0 a two channel zeolite system
with voids in the zeolite being common to both channels.
Those void regions that were not common to both channels of
H-Fu-1 would therefore be the regions that contained the
hydroxyl groups responsible for the 3610 cm 1 infra-red
band.
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This picture of HFu-1 as a zeolite possessing a
three-dimensional channel system was supported by the
poisoning experiments conducted with water, ammonia and
pyridine (see Chapter 10). The ability of pyridine to
completely prevent the isoinerisation of but_l.=ene, even
though the number of base molecules adsorbed was not more
than 06 x 10 20 molecules per gram of H='Ful, suggested that
pyridine was preventing the access of but-l-ene molecules
to the 52-53

R

pore restriction containing the 3610 cm

hydroxyl groups. It was definitely not a case of the
poisoning of the 3610 cm- 1 hydroxyl group since pyridine
is not accessible to the 52-53

R

pore restriction of

HFu-10 Ammonia and water, however, were found to almost
proportionally remove the catalytic activity of H-Fu-1,
depending on thequantityof adsorbate employed (see sections
103 and 104 respectively).
The product ratios observed over H-ZSM-5 and Si0 2 -A1 203
for the but-l-ene isomerisation were consistent with a Bronsted
acid mechanism involving the secondary butyl carbonium ion as the
reaction intermediate, and protons as the agents of catalytic
activity. The product ratios observed over H-Fu-1 for the
but-1=ene isomerisation were also thought to be consistent
with a Bronsted acid mechanism. Such a mechanism would
inherently predict a (cis/trans) 0 ratio close to unity (208)
(see section 512), but the much higher values reported in the
present study (see Table 902(b)) can be rationalized in

terms of the zeolite structure. This can be responsible for the
selective adsorption of trans but-2ene ( diameter 495
though the 5253

R

pore restriction of HFul: and there

might well also be a transition-'state selectivity effect
which would result in restricted formation of trans but2ene
from the secondary butyl carbonium ion intermediate.
Cis but2ene would not have been able to diffuse out of the
5253

R

restriction containing the catalytically active

Bronsted acid hydroxyl groups.
It was observed that the introduction of a diffusion
barrier to the diffusion of cis but2ene out of the zeolite
(i0e0 either by polymeric butene, weakly adsorbed butene or
by the higher rate of butlene conversion) tended to lower
the (cis/trans) 0 ratio observed over H=Fu10 The presence
of weakly adsorbed butene molecules within both H-Ful and
H-ZSM-5 was found, indeed, to reduce the (cis/trans) ratio
to almost zero (see section 7.4). The differences observed
between the (cis/trans) 0 values for the Run (1)
isomerisations of butl=ene over HFu-1 and H-ZSM5 at varying
zeolite pretreatment temperatures (see Tables 902(b) and
903(b)) - with the former zeolite producing much higher
values strongly suggests that certain aspects of the
H-Fu-1 structure contain channels of a lower dimension than
those associated with H-ZSM-50 It would thus be expected,
therefore, that the presence of polymeric butene during Run (1)
would have a greater effect on the (cis/trans) 0 product ratios
for H-Fu-1 than for H-ZSM-50
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The observed characteristics of the isoinerisation of
both butl=-ene and cis but2ene over H-Fu-1, HZSM5 and
Si0 2 A1 2 0 3 were consistent with the formation of the
secondary butyl carbonium ion as the reaction intermediate
(see Figure 52)

The isomerisations were all 'characterized

by the participation of Bronsted acid sites in the reaction
mechanism. In each case the reaction intermediate would
have been formed from the interaction of a proton with the
n-butene molecule. It was unlikely that the proton originated
from the catalyst surface since several authors have observed
that the exchange of deuterium with the protons of the
catalytically active hydroxyl groups of Si0 2 -A1 20 3 (see
section 52) did not result in the deuterium enrichment of the
but-2-ene products for the butl-ene isomerisation

8 ' 223228 0

It is very likely,, however, that the protons originated from
the polymeric residue that has been observed to form upon
all the three catalysts upon exposure to but-l='ene molecules.
Hirschler 233 , among others, has explained the nonappearance of deuterium in the but2-ene products for the
but-1-ene isomerisation over an extensively deuterated
Si0 2 =A1 20 3 surface by the '0000randoxnnization of the
catalyst deuterium within the polymeric carbonium ions, each
ion containing only one D and many H atoms0000"0 This
phenomenon of a polymeric residue supplying catalytically
active protons has been widely reported in the literature
(see Chapter 5) (18,41,224-240)

0

The fact that the apparent

activation energies for Run (1) and Run (2) over H-Fu-1,
HZSM5 and Si0 2 -A1 2 0 3 do not appreciably differ (see Tables 73
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and 708 respectively), suggests that Run (1) itself is taking
place over a catalyst surface containing polymeric residue.
The polymer was found to be removed from the three
catalysts by evacuation at temperatures in the region of
473 K. There are two definite schools of thought, however,
as to the nature of the mechanism involved in the formation
of the butene polymer: i0e0 is the polymer formed by initial
alkene interaction with Bronsted acid sites or with Lewis
acid sites? Reports in the literature (e.g. Ballivet et a1 235' )
concerning the rapid deactivation of SiO 2 Al 2 O 3 , demonstrate
considerable evidence for the participation of the Lewis acid
sites (exposed aluminium ions) in the formation of polymeric
butene0 This agrees well with the discussions presented in
this study (see section 8.3). The observed Bronsted activity
of Si0 2 -Al 203 cannot, however, be explained by the interaction

of the alkene molecules with exposed aluminium ions0

it is

necessary here to regard the catalytic hydroxyl groups as
supplying protons for the formation of the polymeric
carbonium ions, these ions in turn supplying the protons
necessary for the isomerisation of the but-l-ene molecules.
In this way the protons initially associated with the
catalyst hydroxyl groups would not pass into the but-2-ene
products. This proposed reaction mechanism for Si0 2 -A1 2 0 3
(and therefore for H-Fu-1 and H-ZSM5) does not necessarily
contradict the conclusions of Ozaki and Kimura

8 and

Ballivet et a1 235 , who claimed that the fast deactivation
of Si0 2 -A1 2 0 3 was due to the irreversible adsorption of

- 332 the alkene 'on exposed aluminium ions. The conclusion has
in fact been substantiated by this study (see section 8.3).
It thus appears that there are at least two types of
adsorption sites on Si0 2 Al 20 3 , one (Lewis acid sites)
responsible for the rapid deactivation of the catalyst in
the presence of alkene, and one (Bronsted acid sites)
responsible for the supply of protons as the precursors for
the formation of polymeric carbonium ions, the latter being
catalytically active in the isomerisation of but-l-ene and

R

cis but2-ene0 This implies that the 3100

and 3800

R

bands observed in the ultra violet spectrum during the
isomerisation of but-l-ene over Si0 2 Al 20 3 (see section 52)
were associated with the Lewis and Bronsted acid sites
respectively41'229'235

0

Since the 3800

R

band was removed

by evacuation at a temperature between 423 K and 523 K 229 ,
it is likely that the level of catalytic activity observed
over Si0 2 -A1 20 3 is inversely proportional to the concentration
of polymeric cation on the Si0 2 -A1 2 0 3 surface up to the
attainment of steady-state activity (see section 74 and
Figure. .7l4), a relationship which has been previously
postulated(41)

0

The Bronsted acid characteristics

of Si0 2 Al 20 3 containing a considerable level of polymeric
butene have been demonstrated (see section 95) and a
similar result has been observed over hydrogen Y zeolite (193)
Therefore the removal of the polymeric species from the
three catalysts by evacuation at a temperature of about
473 K could be predicted to restore the initial catalytic
activity, as was indeed observed (see section 734)

There is considerable evidence in the literature to
suggest that there exists an interaction between the
butene molecules adsorbed on the Lewis acid sites of
Si0 2 A1 2 0 3 and the neighbouring Bronsted acid sites,. This
has been strongly suggested by the poisoning effect that
H

2 S has for the butlene isomerisation over Si0 2 Al 2Q 3
reported in this study (see section 1053).
It has been reported (41) that the development of the
3800

9,

band in the ultra violet spectrum only occurred

towards the upper limit of the optical density of the 3100
band. This seems to indicate that the polymeric carbonium
ions on the Brons ted acid sites are formed only after the
initial adsorption of but-lene on the Lewis acid sites (235)
It was reported that the species responsible for the band at
3800 IR was associated with the catalyst acidity (41)
It could
0

thus be the case that an interaction between the adsorbed but-l'ene
molecules, on the exposed aluminium ions of the Si0 2 A1 2 0 3 ,
and the neighbouring hydroxyl groups was responsible for
the"charge-transfer" complex observed by Webb (229) (see
section 52) although the nature of such an interaction is
uncertain. The denial of this interaction, as indicated by
the H 2 S poisoning results on Si0 2 -Al 2 0 3 , reduced the
catalytic activity of the Bronsted acid sites (see Figure 106)
Even though the isomerisation of but-1-ene over Si0 2 -Al 2 0 3
is characterised by Bronsted acidity it is postulated that
the presence of exposed aluminium ions can be regarded as
crucial in the overall reaction mechanism. Peri

225 has

reported that although butene was: held on the exposed

- 334 aluminium ions of the SiO 2 -Al 2O 3 surface ".it possessed
sufficient mobility to migrate at room temperature from sae
of these sites...";

such a migration of some butene

molecules from the exposed aluminium ions might well provide
the molecular precursors necessary for the formation of
the polymeric carbonium ions on the Bronsted acid sites.
This effect, however, would only offer but a tentative
explanation for the poisoning effect of H 2 S on SiO 2 -Al 2 O3

0

Bianchi et_a1 269 , however, have put forward spectroscopic
evidence for the nature of the adsorbed but-lene molecule
on the aluminium ions of the A1 2 03 surface. This species
is shown in Figure lll and is regarded as the inhibitor of
the reaction. The interaction of the adsorbed butene
molecule with adjacent hydroxyl groups has been monitored,
the latter groups perhaps being responsible for the adsorption
of butlene to produce the polymeric carboniuxn ion.

CH

IIH
2
Al3+ o2

Fig ure

Al 3

surface of Alumina

lll The adsorption of but-lene on A1 2 0 3 with the
subsequent interaction of the adsorbed species
with a.neighbouring hydroxyl group.

There would be no isomerisation of the but-lene molecules over
the exposed aluminium ions of Si0 2 -A1 203 , since this would
wholly contradict the overall observed Bronsted acidity
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characteristics of the reaction as well as the observed
product selectivities.
Since the reaction kinetics and characteristics observed
for the H-Fu-1 zeolite were similar to those observed for
Si0 2 Al 20 3 , it is likely that the catalytically active surface
of H-Fu-1 does not fundamentally differ from that of Si0 2 -A1 20 3 ,
despite the higher Si0 2 Al 2 0 3 ratio of the zeolite. The
differences that were observed, however, can be attributed
to the fundamental differences in the respective catalyst
structures
H-Fu-1 can be visualized as a Bronsted acid catalyst,
with the primary sites of adsorption for the but-1-ene
isomerisation being aluminium ions (see section 1052), and
the catalytically active sites being the zeolitic hydroxyl
groups (i0e0 those responsible for the 3610 cm absorption in
the infra-red). As with Si0 2 -A1 2 0 3 the nature of the proposed
interaction between the but-l-ene adsorbed on the Lewis acid
sites and the Bronsted acid sites is not clear. These two
types of sites, as dictated by the nature of the zeolite
surface (see Figure 31), are in close proximity. The
results presented in this study are consistentwith the
dehydroxylation of the Bronsted acid sites of H-Fu-1 to Lewis
acid sites at a zeolite pretreatment temperature of about
700 K (see figure 94)

In the absence of Bronsted acid

sites H-Fu-1 is not catalytically active for the n-butene
isomerisation A correlation between the extent of catalyst
deactivation and the concentration of Bronsted acid sites has
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been established for H-Fu-1 (see figure 911)

The reactivity

demonstrated by H=Fu=l at steady-state activity was
attributed to the Bronsted acid sites present on the external
surface area of the zeolite (these sites have not been
observed in the infra-red) and the proposed 558

R

to 60

channel restriction. The results presented in this study suggest
that the extremely stable hydroxyl groups of H-ZSM5 are
responsible for the catalytic isomerisation of butlene
and cis-but2-=ene0 The results of the prior H

2 S addition
to H-ZSM-5 suggest that the low number of aluminium ions

present in the zeolite do not contribute to the overall
reaction mechanism. This conclusion, however, is not
entirely compatible with the fact that similar activation
energies were observed for the isomerisation of but-lene over
the three catalysts studied (166)
Thusthe role of the
aluminium ions of HZSM5 for the but-1-ene isomerisation
has not been established with any clarity. Rosynek et al(246)

7

however, have shown that the adsorption of H

2 S on the alumina
surface enhanced the number of hydroxyl groups.
The catalytically active hydroxyl groups of H-Ful can
thus be regarded as being situated in perhaps three clearly
defined regions of the zeolite structure: the external
surface, restricted channels of 558
and restrictions of 52-53

R

R

to 60

R

dimension

dimension. The but-1-ene

isomerisation can be viewed as taking place on the external
surface and within the larger channels, such that the but-1-ene
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molecules are in direct contact with the voidage associated
with the 3610 cm- 1 hydroxyl groups. These 3610 cm- 1
hydroxyl groups are active in the isomerisation of but_1.=ene,
perhaps due to their proximity to the larger zeolite channels.
This contact was no longer possible upon zeolite deactivation.
The voidage associated with the 3610 cm -1 hydroxyl group
would account for about 80% of the TMA cations initially
present in the zeolite (see section 611)
503

9,

The 52 to

restriction would thus allow the adsorption of

trans but-2ene(but not cis but-2-ene)0 and would perhaps
restrict the formation of trans but2ene from the secondary
butyl carbonium ion reaction intermediate.
While the restricted channels of 558

R

to 60

dimension of HooFu1 could perhaps be equivalent to the
straight elliptical 10-ring channels of H-ZSM-5 (57-58
51-52

R),

the 52-53

R

x

it is difficult to ascribe a ring number to

R

restriction. If, for example s, the latter

restriction were equivalent to the 10-ring channel of
ferrierite with elliptical cross-section of 43 x 55

(270)

or the circular sinusoidal 10-ring (54 ) of H-ZSM-5, then
the data for the adsorption of water y methanol and ammonia
by H-Fu-1 would appear to be too low.
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