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Abstract

The use of acid zeolites as catalysts for the conversion of hydrocarbons is
widespread due to their ability to catalyse both bond-breaking and formation
reactions and their shape-selectivity. This selectivity arises from steric
interactions with the pore structure which increase the stability of some
intermediates and reactions, favouring given products. In this way, yields of high-
value products can be increased by use of the correct zeolite structure, such as
H-ZSM-5 which optimises the production and utilisation of light olefins. The ways
in which olefins interact with, and diffuse through, zeolite frameworks are
therefore matters of considerable academic and industrial interest due to the

possibility of providing targets for the development of improved catalysts.

Neutron scattering methods are a family of related techniques which are uniquely
suited to studying hydrocarbon catalysis in zeolites due to factors arising from the
properties of the neutron and how scattering events occur at a sub-atomic level.
This thesis enumerates these advantages and seeks to apply them to model
compound systems for olefin conversion reactions of industrial interest in a
commercial H-ZSM-5 powder-form zeolite. Studies are made of how C3 and Cs
hydrocarbons react with and diffuse through the zeolite at low temperatures, and
the effect of catalyst aging on these processes. The work is then extended to
higher temperature studies of olefin isomerisation and cracking reactions under
realistic conditions, and the examination of the diffusion of other small-molecule
hydrocarbons in zeolites. The results demonstrate the ability of neutron
techniques to complement techniques more conventionally used for catalytic

reaction studies and to provide new insights into catalytic processes.



Preface

All scientific work is to some extent collaborative, and this is especially true of
work performed at Central Facilities such as the ISIS Neutron Source. The work
reported here therefore involved a number of close collaborations in the
experimental aspects which should be delineated so that the contributions of

other individuals should be clearly understood.

This work was carried out as part of one of two simultaneous projects funded by
the EPSRC and Johnson Matthey which were conceived as complementary. It has
therefore been run in parallel with the work of Ms Andrea Zachariou, also of the
Lennon group at the University of Glasgow, resulting in some degree of overlap.
Due to the need for 24-hour operation the experimental work for all Central
Facilities experiments in both projects was performed jointly, with the sample
loading and measurement tasks being shared according to the most efficient
resource allocation rather than which project the sample contributed to.
Processing and analysis of the resulting data was the responsibility of the student
whose project the sample related to. Andrea was also responsible for the QENS
analysis of methane reported in Chapter 7, the data collection (although not the
analysis) for the GCMS results included in Chapter 6 and the assessment of zeolite

acid site populations by quantitative INS in Section 3.1.2.4.

Experiments at ISIS are assigned a local contact familiar with the relevant
instrument who is responsible for training users in, and assisting with,
experimental design, sample preparation, instrument operation, and data
collection and analysis for the duration of the experiment. For the inelastic
neutron scattering experiments this role was filled by Professor Stewart Parker,
in addition to his position as my second supervisor. For the quasi-elastic neutron
scattering beam times the local contact was Dr lan Silverwood. In addition,
Professor Russell Howe of the University of Aberdeen was a collaborator on

multiple papers related to propene chemistry, was present for the experimental
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portion of some of the beam time experiments which generated data used in
Chapters 3, 5 and 6 and collected the 2°Si NMR data analysed in Section 3.1.2.3.

Collaborators were also involved in the collection and analysis of some of the data
used to characterise the zeolite samples. Data collection for the solid state NMR
measurements of zeolites reported in Chapters 3 and 5 was performed by
Dr Nathan Barrow at the Johnson Matthey Technology Centre, Sonning Common.
The neutron diffraction data in Chapter 3 was collected by the POLARIS instrument
team at ISIS and analysed by Dr Jan Skakle of the University of Aberdeen.

Finally, several people have assisted with training in the advanced techniques
employed in this thesis. Dr Alex O’Malley of the University of Bath assisted greatly
with training in the techniques and principles of QENS analysis; as part of this
training the analysis of octene oligomer mobility reported in Section 4.1.2 is
partially his work. Similarly, the assistance of Dr Chin Yong and Dr Ilian Todorov
of the STFC Daresbury Laboratory was essential in my being able to successfully
implement the molecular dynamics simulations reported through this work.
Dr Yong’s addition of zeolite force-field parameters to the DL_FIELD software
library from version 4.6 onward was particularly helpful in this regard and greatly

simplified the preparation of simulation inputs.

Except in the specific instances noted above all data collection and analysis was
my own work, and the conclusions drawn from the experimental data are my own

throughout.

The dataset behind the work reported here has been deposited to the University
of Glasgow repository Enlighten: Research Data and is available at
(DOI:10.5525/gla.researchdata.1129). Additionally, the full collected datasets
from all neutron beam time experiments are publicly available in accordance with
the ISIS policy on open-access research: links to these archives are provided in

Appendix 1.
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Definitions of Common Abbreviations

BET

Surface Area....

Atomic mass unit, 1 amu = 1.661 x 10727 kg.
Barn, 1 b =102 m2,

Material surface area calculated from gas adsorption
isotherm data using the method of Brunauer, Emmett and

Teller [m2g].
Closed-cycle refrigerator.

Density  functional theory, quantum mechanical
simulations for the modelling of the structural and

electronic properties of molecules.

Elastic fixed window scan, a method of QENS analysis
which quantifies changes in overall sample mobility with

temperature. See Section 2.1.3.2.
Electron volt, 1 meV = 1.602 x 10722 J = 8.066 cm™".

Inelastic neutron scattering, herein referring specifically
to inelastic incoherent neutron scattering unless

otherwise specified.

Pulsed field gradient nuclear magnetic resonance

spectroscopy.

Molecular dynamics, force field-based simulations for the

modelling of diffusing systems.

The methanol-to-hydrocarbons reaction.
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Definitions of Common Abbreviations

When discussing neutron scattering, used to refer to the
momentum transfer component of the overall scattering
function [A"].

Quasielastic neutron scattering, herein referring
specifically to quasielastic incoherent neutron scattering

unless otherwise specified.
Solid-state nuclear magnetic resonance spectroscopy.

‘Zeolite Socony Mobil-5’, the common short designation
for a type of MFI-structured microporous zeolite which is

the primary catalyst material studied in this project.

Used in neutron scattering to represent the cross section
of a given atomic nucleus. Depending on application this
may be the coherent (ccon), incoherent (Ginc) or total (Gtot)
scattering cross sections or the absorption cross

section (ca) [b].

When discussing neutron scattering, used to refer to the
energy transfer component of the overall scattering

function [cm™ or eV].
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Chapter 1. Zeolites as Hydrocarbon Conversion
Catalysts

Acid zeolites have found widespread applications as catalysts for hydrocarbon
conversions, including both C-C bond formation and bond breaking reactions.
Commercial applications include the selective cracking of high molecular weight
hydrocarbons to commercially valuable light molecules and the oligomerization
of simple reactive species to larger molecules of industrial relevance. Zeolites
may also catalyse the conversion of simple alcohols and other hydrocarbons which
may be obtained from non-fossil-fuel sources to aromatic and light olefin
hydrocarbon mixtures, offering a renewable route to the production of these
valuable chemicals. The bulk nature of these processes in industrial use and the
potential value of any optimisations to the catalytic process has led to an
extensive literature on how zeolite frameworks interact with hydrocarbons and
catalyse their reactions. Fundamental studies into these interactions and the
resulting adsorbate dynamics and reaction mechanisms can provide new insight
into these systems. This includes potential routes towards improving their
catalytic activity and lifetime, an approach which forms the reasoning behind the

work performed in this thesis.

This chapter introduces protonated zeolites and their related structures. It
reviews what is presently known about their catalytic mechanisms, particularly
the importance attributed to the role of the pore structure in enabling selective
catalysis. The nature of the MFI-structured family of zeotype materials based on
H-ZSM-5 as catalysts of particular industrial relevance is also examined. The
scope and objectives of the work performed, how it relates to the existing

literature and the structure of its presentation within this thesis are summarised.



36 Zeolites as Hydrocarbon Conversion Catalysts

1.1 An Introduction to Zeolite Structures:

Zeolites are crystalline materials formed of a silicate-based framework enclosing
pores ranging from 5-12 A in diameter which can be formed naturally through the
action of alkaline environments on volcanic minerals.” The first such mineral was
discovered in 1756 and many species of naturally occurring zeolites exist including
mordenite, faujusite, and analcime depending on the nature of the volcanic
source material, which results in subsequent differences in the framework
structure of the zeolite. All such materials have a high surface area and resulting
capability to adsorb small molecules like water and hydrocarbons due to their
microporous nature; the name zeolite derives from the Greek for ‘boiling stone’
in reference to this property which leads to the release of large quantities of water

vapour from heated samples of zeolites which have been exposed to air.

Zeolite frameworks consist of tetrahedral atomic sites, referred to as T-atoms,
liked to four adjacent T-atoms by oxygen bridges. Conventional zeolites are
aluminosilicate structures, with Si and Al T-atoms. Structures with alternative
compositions such as aluminophosphates,? siliconaluminophosphates,? and various
non-aluminium substituted silicates*® also exist. Although these have historically
been distinguished from zeolites, this was mainly for commercial reasons and since
the expiry of the relevant patents, they have generally been considered subtypes
of zeolytic materials.” In aluminosilicate zeolites the majority of T-atoms are
silicon up to the obvious limiting case of purely siliceous structures such as
silicalite.” Silicon:aluminium ratios more commonly fall in the range 2-300, with
different framework types having different levels of aluminium substitution for
optimum stability. Substitution of framework silicon atoms by aluminium results
in a negatively charged oxygen adjacent to the substitution site which is offset by
the incorporation of extra-framework cations. These may be metal ions such as
sodium or potassium that are incorporated loosely within the pore structure or
may be hydrogens which bind to the framework at the negative Si-O-Al bridges to
form Brensted acid sites as shown in Figure 1-1: the properties of the resulting
hydrogen-exchanged zeolites vary depending on the properties of the zeolite

framework, but tends to result in a high level of acidity.’
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Figure 1-1: The effect of framework substitutions in zeolites: silicon
T-atoms are charge-balanced but aluminium substitutions
require a charge-compensating cation located at an adjacent
oxygen bridge.

Regardless of the specific element occupying the tetrahedral site, the T-atoms
are linked together into composite building units, which in turn form the ring
structures which define the pore network. These ring structures are referred to
according to their number of T-atoms, thus an 8-membered ring (8-MR) structure
will, in actuality, have 16 atoms along the circumference of the ring described
due to the presence of the oxygen bridges. A large number of possible T-atom
arrangements are possible, leading to a correspondingly large number of possible
zeolite frameworks possessing different pore sizes and geometries; over two
hundred zeolite framework types are currently recognised by the structural
commission of the International Zeolite Association (IZA),® with the newest unique
structure being synthesised and identified as recently as September 2020.°
Zeolites are broadly separated into small, medium and large-pore types depending
on whether they have 8-MR, 10-MR or 12-MR rings as the smallest window size in
their pore network, although zeolites with up to 20-MR pores are known. In
addition to being the most common ring sizes for zeolite structures, this
classification is useful because of the differing adsorption behaviour of each pore
type. While large-pore zeolites can accommodate branched paraffins and
aromatic rings, small pore zeolites exclude them, being only able to accommodate
linear n-paraffins and small molecules. Zeolites are therefore a type of molecular

sieve and this role forms the primary application for natural zeolites.

Although natural zeolites can be, and are, used commercially, they generally have
high levels of structural defects and contaminants, variable Si:Al ratios, and non-
uniform compositions. An illustrative example is the case of the very first zeolite
discovered: although generally reported to consist of the zeolite subsequently

named stilbite a re-examination on the occasion of the 250" anniversary of its



38  Zeolites as Hydrocarbon Conversion Catalysts

discovery found that the mineral in question actually consists of small stilbite
inclusions in stellerite, a closely related zeolite with the same structure but
different Si:Al ratio and crystal symmetry.'® These uncertainties mean that
synthetic zeolites see greater use in most applications, particularly as catalytic
materials. By controlling the synthesis conditions and the ratio of silica and
alumina precursors, zeolites can be created with extremely consistent structural
and chemical properties that render them more suitable for industrial use.!
Furthermore, the development of methods involving the formation of the zeolite
framework around an organic template showed that it was possible to create
zeolites with structures not found in nature. These templates take the form of
small species such as tetraalkyl ammonium ions which are removed via calcination
after the formation of the zeolite.'? Synthetic zeolites are named by their
inventors and therefore typically receive names that are based on internal
references (e.g. zeolite B, zeolite Y) or on the institution or corporation
responsible for the initial synthesis (e.g. SSZ-13 after Standard Selective Zeolite).
In order to allow unambiguous references the IZA assigns a three-letter code to
each framework structure, derived from the type material for that framework.'3
For example the FAU structure code is shared by, among others, both naturally
occurring faujusite (which as the type material supplies the structure code) and
the synthetic zeolite Y, which refers specifically to a FAU structure synthesised

with a Si:Al ratio between 3.5 and 5.5." Figure 1-2 demonstrates the wide variety

Figure 1-2: Comparison of the structures of STI, FAU and MFI-type zeolite
frameworks, showing T-atom sites only with oxygen bridges as
straight links for clarity. STl and FAU viewed in the [110] plane,
MF1 in [010]. Structural data taken from the IZA structural
database 8 and visualised using Aten v1.8."



Zeolites as Hydrocarbon Conversion Catalysts 39

of zeolite framework types by comparing three examples: the STI structure of
stilbite and stellerite, the FAU structure of faujusite and zeolite Y, and the MFI

structure of the synthetic zeolites ZSM-5 and silicalite.

1.1.1 The MFI Structure and Zeolite ZSM-5:

The MFI structure is a non-naturally occurring zeolite framework formed by
synthesis around a tetrapropylammonium ion.'? This results in a system based on
10-MR windows that form a system of intersecting pores normal to each other
which are straight in the [010] direction and sinusoidal in the [100] direction, as
shown in Figure 1-3. The pores are elliptical, having dimensions of 5.3 x 5.6 A in
the straight channels and 5.1 x 5.5 A in the sinusoidal channels. As a medium-
pore zeolite, the resulting materials are therefore capable of adsorbing small and
intermediate hydrocarbons, including moderately branched chains and single-ring
aromatics, but not large hydrocarbon molecules such as naphthalenes.' The type
material for the MFI structure is ZSM-5, originally developed and patented by Mobil
in the 1960s."2 It is a conventional aluminosilicate zeolite, but is notable in that
its stable range of Si:Al ratios is considerably higher than for other framework
structures, ranging from 20:1 all the way up to effectively infinity as opposed to
the < 10:1 ratios typical for zeolites based on FAU and CHA frameworks.' These
properties are exploited in a number of applications for industrial hydrocarbon
conversion reactions, particularly in the hydrogen-exchanged H-ZSM-5 form which
functions as a microporous solid acid.

N " Y- P

Too1] [010] [100]

Figure 1-3: View of an MFI-structured zeolite framework along all three
axes. Figure shows eight unit cells arranged as a 2x2x2
supercell. Examples of the 10-MR windows defining the straight
(green) and sinusoidal (blue) pores are highlighted.
Visualisation generated using Aten.'®
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The most widespread commercial use of ZSM-5 is as an additive catalyst in
Fluidised Catalytic Cracking (FCC) units, which are used to convert heavy
petrochemical fractions such as vacuum gasoil to more profitable fractions such
as gasoline. In FCC use, solid acid zeolites protonate hydrocarbon reactants to
carbocations, enabling subsequent isomerisation or bond cleavage reactions to
generate shorter-chain or more highly branched hydrocarbons that have greater
commercial value. In such reactions, the aromatic or olefinic components of the
reactant feed are the most actively converted by the zeolite, due to being easier
to protonate: saturated paraffins may be cracked or isomerised but this requires
the use of zeolites with high levels of acidity.'-'® Industrial cracking units use a
fluidised bed system in order to deal with the carbonaceous ‘coke’ species which
build up on the zeolite during use and which reduce its activity through pore
blocking. The catalyst is continually cycled between the reactor and a separate
regenerator unit where the coke is oxidised before being returned for reuse;

allowing continual operation of the reactor despite coke buildup. 1

Although first synthesised by Mobil in the 1960s and patented in the 1970s, ZSM-5
was not successfully commercialised as a cracking catalyst until a decade later
due to changing market conditions and difficulties with commercial synthesis
scale-up.'? 20 At this time the primary driver for the use of ZSM-5 was due to its
ability to increase the octane number of FCC gasoline by promoting isomerisation
and cracking of the mid-range n-olefin fractions to produce more light olefins.
This raised the ‘quality’ of the gasoline at the cost of reducing the overall quantity
of product, a trade-off rendered economically viable by the contemporary
requirement to increase the octane of consumer gasoline to compensate for the
removal of tetraethyl lead anti-knocking additives. More recently, interest in
H-ZSM-5 from the petrochemical sector has been due to the increased light olefin
yield itself.'® 20 Light olefins (referring to alkenes in the C;-Cs size range), and
particularly propene/propylene (Cs3Hs), are valuable hydrocarbon products both
due to demand from the polymers industry and due to their use as feedstock
chemicals for a wide range of chemical processes including production of acrylic
acid, cumene and acrylonitrile.?' Historically the majority of global propene
production has been as a by-product of the steam cracking (SC) of light alkane

fractions to produce ethene: SC units accounted for 57% of global propene
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production in 2011.22 However, while the market for propene continues to
increase, global production actually fell from 2008-2010 and continues to lag
behind demand by an increasing margin. The reason for this shortfall is changes
to the steam cracking sector: commercial SC units are increasingly shifting to input
streams from shale gas sources and are also improving in overall conversion
efficiency, resulting in decreased output of products other than their target
ethene. SC is also an inherently inflexible process whose output composition is
determined almost purely by the feedstock used; this offers little scope to tune
the product distribution catalytically, as can be done with FCC. Given these facts,
increasing olefin yields from the FCC cracking of gasoline through more selective
catalysis is an area of current industrial interest, with H-ZSM-5 being the main

zeolite used in this application.® 21-23

In addition to FCC-related applications, the high activity and selectivity of H-ZSM-5
catalysts lead to other potentially useful reactions. They are capable of catalysing
the inverse reaction to hydrocarbon cracking, acid oligomerization, which can be
used in the production of synthetic fuels and high quality lubricating oils.?426 In
addition, the methanol-to-hydrocarbons (MTH) series of reactions uses zeolite
catalysts to convert methanol to industrially useful hydrocarbon mixtures such as
light olefins and synthetic gasoline: this has been the subject of extensive research
due to the ability to supply the necessary feedstock from alternative sources such
as biomass, making it a potential replacement route to important chemicals which

are currently dependant on fossil fuel sources.

1.2 Shape-Selective Catalysis in Zeolites:

In all of these industrial applications, although the high activity that can be
achieved by zeolite catalysts is useful, it is their nature as selective catalysts
which is their most attractive property for industrial users. When used in reactions
such as FCC, zeolite catalysts shift the composition of the pool of product species
to favour some components at the expense of others; the source of this selectivity
arises from the ‘shape-selectivity’ of the catalytic process. Because the reactions
take place at sites located inside the zeolite framework they occur in a series of

linked nanometre-scale reactors whose geometry, size and accessibility all affect
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the reaction mechanism through interactions between the framework and the
adsorbates. Effectively, the molecular sieving properties of the zeolite framework
also apply to reactions which occur within it and modify the products of said

reactions accordingly.

Shape-selectivity mechanisms in zeolites may be broadly divided into three
different catagories.?’ Reactant shape selectivity occurs in cases where multiple
possible reactant species are available in the reactor, such as in the majority of
cracking reactions where the feedstock is usually a hydrocarbon distillate fraction
containing multiple individual species with similar boiling points. In this case,
larger reactants may diffuse through the zeolite considerably slower than smaller
molecules due to steric hindrance, or may be excluded from the zeolite entirely
and thus be unable to access the catalytic active sites. The products resulting
from the reaction of the smaller reactant species will therefore predominate. This
type of selectivity is dependent on the diffusional characteristics of the reactants
between zeolite pores and is also temperature dependant; since high
temperatures result in increased flexibility of large molecules and the ‘breathing’
of the zeolite pore network; reactant shape selectivity effects may be to some

extent relaxed at higher reaction temperatures.?’

Product shape selectivity occurs when a reaction may produce multiple possible
isomers and operates through similar mechanisms. Many zeolite structures contain
regions of the pores which are larger than the limiting radius for inter-pore
diffusion. H-ZSM-5 is an example of this, with the maximum diameter of the pore
intersections being 6.36 A, larger than the size of the 10-MR windows which form
the pore channels.’ In such cases, reactions in these regions may produce species
which are either unable to diffuse through the zeolite to be released as products
or which may only do so slowly, increasing the odds of them undergoing further
reactions or isomerisations before they escape. These effects result in the
preferential production of smaller, more mobile products or of specific isomers
which are less subject to hindered diffusion. In an example of the latter effect,
methylation reactions of toluene over H-ZSM-5 produce a product mixture where
p-xylene is the major product, despite being less thermodynamically favourable
due to the size of the zeolite pores being small enough to hinder the movement

of o- and m-xylene products.?8
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Finally, transition state shape selectivity occurs where a reactant may undergo
multiple possible reaction mechanisms, one of which involves a transition state
which is too large for the available space within the zeolite or otherwise
disfavoured by the pore geometry, leading the products of the other mechanisms
to predominate. Alternatively, interactions with the zeolite pore walls or
chemisorption onto the catalytic acid sites may stabilise charged transition states,
allowing previously minor reactions with unstable intermediates to make a larger
contribution to the overall reaction and, hence, increasing the prevalence of their
products. Selectivity due to transition state effects may be distinguished from
product selectivity due to being unaffected by the size of the zeolite crystallite,
since diffusion through and residence time within the zeolite plays no role in
transition state selectivity but is critical to the operation of product selectivity

mechanisms.2’

It can be seen that in all cases it is the geometry of the zeolite pores which
determine the shape selectivity of the reaction. It follows that it is possible to
adjust the selectivity of a zeolite-catalysed reaction toward desired groups of
products through selection of a zeolite with a suitably sized and arranged pore
network. The medium-pore nature and intersecting channels of H-ZSM-5 lead to a
number of useful shape selectivity effects and result in it being a widely used
industrial catalyst. We will now briefly consider two of the most important of
these applications: its use as a selective cracking catalyst and in the methanol-to-

hydrocarbons reaction.

1.2.1 Selective Hydrocarbon Cracking Reactions:

As noted in Section 1.1.1 above, ZSM-5 in cracking operations operates mainly as
a selective catalyst for the conversion of gasoline-range olefins to light olefins in
the C;-Cs range. For this reason, it is primarily used as an additive catalyst since
most FCC columns are designed to operate on low-demand heavy hydrocarbon
fractions. Zeolite Y based cracking catalysts convert vacuum gasoil to a large
range of products of approximately Ci; and lighter. The ZSM-5 catalyst, either
mixed into the cracking column or in a downstream ‘riser’ column, further cracks

and isomerises the C¢.Cio gasoline fraction to more desirable products.?
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Comparative testing of the cracking ability of ZSM-5 using feedstock typical of FCC
column outputs has shown that ZSM-5 is able to double the yield of propene from
1.6 to 3.4 wt% when compared to additional second-stage cracking with
zeolite Y.18

The primary mechanism behind this increased propene production is a transition
state shape-selective effect. Cracking reactions of olefins over zeolite catalysts
occur via protonation of the double bond by Brensted sites to form a bound
carbenium ion, as shown in Figure 1-4. This ion may then undergo either a
bimolecular reaction involving the addition of another olefin followed by further
isomerisation and hydrogen transfer steps (a), or monomolecular cracking
reactions proceeding through either B-scission (b), or protonated cyclopropane (c)
intermediates.'® 30 In ZSM-5, due to the restricted pore diameter, olefins larger
than C4 have insufficient space to react via the bimolecular mechanism; an effect
made more significant because the hydrogen transfer reactions which play an
important role in the further steps in this reaction pathway require the
participation of yet further reactant molecules as hydride donors or acceptors.
Therefore, larger FCC reactants react exclusively through the monomolecular
mechanisms involving scission, resulting in a higher production of small molecules
such as light olefins. This effect is magnified by the fact that in the B-scission
mechanism (b) the post-scission primary carbocation may be stabilised by one of
two routes: an isomerisation to a secondary carbocation, optionally followed by a
desorption of that carbocation as a disubstituted alkene (d); or by a further bond
cleavage resulting in release as two separate, smaller olefin molecules (e).'®
Under ordinary conditions it is the isomerisation pathway which is energetically
favoured. However, in ZSM-5 the dimensions of the pores mean that interactions
between the closely located framework oxygens and the carbocation act to
stabilise the intermediates in the bond cleavage mechanism, further driving the

product balance toward the smaller olefins.'®
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Figure 1-4: General reaction scheme for olefin cracking over zeolite
catalyst by bimolecular (a), B-scission (b) and protonated
cyclopropane (c) mechanisms. R groups may be CHs, alkyl
chains or H depending on the specific reactant molecule.
Mechanisms taken from den Hollander et al.'® and Guo et al.*°

While the shape selectivity explanation for the catalyst selectivity is well
established, there are additional aspects to the zeolite cracking chemistry which
are not always considered. The physical and chemical properties of the zeolite,
including its levels of acidity and mesoporosity, are by no means constant
throughout the lifetime of the catalyst. Hydrothermal conditions in catalytic use
result in partial de-alumination of the zeolite framework at a rate determined by
both the reactor temperature and the concentration of aluminium substitutions

within the zeolite.3! The partial pressure of steam within the reactor also affects
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the rate of aluminium loss, but the magnitude of this effect is considerably less
than the effects of temperature or zeolite composition.3? This leads to a
corresponding reduction in the number of acid sites, since removing an aluminium
atom also removes its associated Brgnsted O-H acid group, and possibly increases
in mesoporosity depending on the aluminium level of the zeolite and, thus, what
proportion of the framework atoms are removed.3" 33 Effects of this loss of acidity
can be dramatic: while even quite severe steaming conditions result in minimal
changes to the zeolite crystallinity, and therefore its overall structural integrity,
large increases in mesoporosity and decreases in micropore area are found,
together with decreased acidity levels.'® 343> While some studies report that these
changes merely reduce the overall activity of the catalyst and do not significantly
affect its selectivity,? others report that hydrothermal de-alumination
preferentially removes stronger acid sites from the zeolite, disfavouring reactions
such as hydrogen transfer and aromatization, and increasing the production of
light olefins.3 Similar effects are thought responsible for the observation that
ZSM-5 cracking is capable of cracking and isomerising paraffins when fresh but
that in steady-state operation nearly all reactivity involves changes to the more
reactive olefin components, and paraffin fractions of the feed remain inert.'® The
degree to which increased mesoporosity in de-aluminated zeolites affects the
diffusion of adsorbates within the framework is also largely unknown, and has
obvious ramifications for its reactant and product shape-selectivity effects as the
catalyst ages. As proven by the increased propylene yield effect reported by
Ibanez, et al.,?® new insight into these processes and their potential applications

has obvious industrial relevance.

1.2.2 The Methanol-to-Hydrocarbons Reaction:

The methanol-to-hydrocarbons (MTH) reaction, sometimes split into the related
methanol-to-olefins and methanol-to-gasoline processes, allows production of a
wide range of hydrocarbons from methanol feed. Since methanol is available from
biomass sources, or can be made from syngas (itself easily generated from the
reforming of natural gas, coal or tar sands), MTH chemistry offers an important
route to a supply chain of petrochemicals and petrochemical derivatives that does

not involve crude oil.3¢ The ability of acidic catalysts to form C-C bonds from
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methanol was first reported by Chang and Silvestri in 1977,3 and the process was
commercialised in New Zealand at the 600 kton.yr' level as early as 1986.
However, the drop in oil prices throughout the subsequent decade led to the
subsequent closure of that plant. Academic interest in the process has
nevertheless remained high to the present day, due to the need to provide a hedge
against further oil price shocks and to increase the range of products and

commercial value of petrochemicals from unconventional sources. 3¢ 3840

ZSM-5 was the acid zeolite catalyst used by Chang and Silvestri in their initial
measurements,3’ and it remains an important catalyst for MTH processes due to
producing a product mix which makes high quality gasoline. As with many zeolite
processes, the final product composition of the MTH reaction is influenced by
shape selective effects from the channel dimensions. The 10-T-atom ring structure
of ZSM-5 (Figure 1-3) means that the largest product molecules which can form
within the structure and diffuse out are polymethylated aromatics. Extensive
studies of the MTH reaction over the 40 years since it was first commercialised
have established that it proceeds via a ‘hydrocarbon pool mechanism’, initially
proposed by Dahl and Kolboe for reactions over SAPO-34.4! Under this mechanism,
an internal population of alkenes and aromatics act as co-catalysts, undergoing a
continuous process of addition, isomerisation and cracking reactions to give the
final products, which are primarily light olefins and methylated aromatics.3%#2 As
shown in Figure 1-5, the reactions within the pool can be split into two cycles
depending on whether the participating co-catalyst is an olefin or aromatic
molecule. In the olefin cycle, unsaturated straight chain hydrocarbons are
methylated to longer chain lengths and cracked back down to shorter chains. In
the aromatic cycle, benzene rings are repeatedly methylated and de-alkylated.
Transfer of carbon between the two cycles is possible either by the cyclisation of
alkene molecules, with an associated hydrogen transfer to another alkene to
absorb the excess hydrogen, or by the cracking of alkyl groups from substituted
aromatics. Since any of the pool species present can be released from the catalyst
as product instead of undergoing further reactions, it can be seen that the
composition of the final MTH product stream is dependent on the relative rates of

the various reaction processes occurring in these cycles.3%40
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Figure 1-5: Dual-cycle hydrocarbon pool mechanism for the methanol-to-
hydrocarbons reaction under steady state conditions. Figure
adapted from Olsbye, et al.“°

The MTH reaction is an important industrial reaction and is therefore a broad area
of research with its own extensive literature.“0 In the context of this project, we
are mainly concerned with the formation of the hydrocarbon pool during the
conditioning period of the catalyst, and the reactions responsible for forming the
first carbon-carbon bonds, which is a matter of ongoing debate.“% 42 |t is known
that the methanol feed is initially dehydrated to form dimethyl ether (DME), and
studies have suggested that the initial C-C bonded species produced by the
subsequent reaction of the DME are propene and other light olefins. 44 It is the
reactions of these olefin products which form the starting population of the
hydrocarbon pool, the establishment of which completes the conditioning of the
MTH catalyst.%-4 Studying how light olefins react within zeolites under MTH
reaction conditions and comparing this reactivity with olefin chemistry in cracking

reactions may provide new insight into both these important processes.



Zeolites as Hydrocarbon Conversion Catalysts 49

1.3 Studying Interactions and Dynamics in Zeolites:

From the background given in Section 1.2, it is evident that both olefin cracking
and MTH processes possess several areas of ongoing research that can be best
addressed by spectroscopic investigations of the zeolite catalyst, both under
operando conditions and by ex situ methods. Infrared spectroscopy has been
widely applied to the study of reactions in zeolites,“832 but its application
possesses some inherent limitations. The Si-O and Al-O bonds lead to strong
framework modes which dominate the infrared spectrum as shown in Figure 1-6(i)
and mask any modes from adsorbed species at wavenumbers of 1350 cm™' and
below. This problem is magnified by the fact that, in order to avoid unnecessary
mass transport effects, it is best to study zeolite behaviour in the pelletized or
powder form it is usually used in; diffuse reflectance infrared Fourier transform
(DRIFTS) spectroscopy is the best technique for studying materials in this state,
but it leads to the framework bands extending as high as 2000 cm™! (Figure 1-6(ii)).
This means that while infrared spectroscopy can provide excellent detail on the
C-H and O-H stretching modes located above 2500 cm™, it is less capable of
resolving the C-H deformations and C-C modes which lie in the ‘fingerprint region’
below 1500 cm™ and which are important to the specific identification of
hydrocarbon species. Raman spectroscopy does not suffer from this masking effect
but is instead hindered by sample fluorescence which obscures the modes of

interest unless advanced techniques such as temporal Kerr-gating are employed.>3
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Figure 1-6: Infrared spectrum of H-ZSM-5 measured by ATR-IR (i) and
DRIFTS (ii). The locations in each spectrum of the O-H
stretching bands (*) and framework Si-O and Al-O modes (1) are
highlighted. Spectra collected using the procedures in
Section 2.6.1.
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In both cases, spectroscopic investigations are further complicated by the fact
that these reactions also involve side-reactions that lead to the build-up of
immobile ‘coke’ species within the zeolite over the course of the reaction. These
species have a tendency to be highly carbonaceous in form and strongly coloured,
leading to progressive darkening of the catalyst with increasing time on-stream.>2
This increased absorbance leads to infrared spectroscopy having problems with
achieving useable signal:noise ratios at later stages of the reaction and greatly
complicates the use of difference spectroscopy methods; thereby magnifying the
inherent difficulty in observing modes masked by the zeolite framework bands. In
addition, the nature of the coke species is itself of interest as coke formation
rates determine the amount of time the catalyst can operate before it requires
regeneration, and therefore indirectly the total useful lifetime of the catalyst.
While some information on coke species can be obtained by infrared spectroscopy,
and methods such as nuclear magnetic and electron spin resonance spectroscopies
are unaffected by either absorbance or the zeolite framework, a method of
accessing the full vibrational spectrum of the coke without resorting to destructive

methods like Guisnet analysis is desirable.>*>>

One technique which has potential to address these requirements is neutron
scattering spectroscopy, specifically inelastic incoherent neutron scattering
(1INS), which is seeing increasing use as a tool for catalytic science investigations.>®
Neutrons are also useful to this study in that a related technique, that of
quasielastic neutron scattering (QENS), represents a useful method for measuring

the microscopic diffusion of sorbates which occurs within zeolite channels.

1.3.1 Neutron Methods as Tools for Studying Zeolites:

Inelastic neutron scattering (INS) techniques can access a wide range of energies
times and lengths from microsecond and micrometre to femtosecond and sub-
Angstrom scales.” From a catalytic perspective, the application of greatest
interest is in the higher energy region of the inelastic energy transfer range from
20 - 4000 cm™. In this region INS spectroscopy produces vibrational spectra similar
in many ways to those generated by infrared or Raman spectroscopy but with some

important differences. Because neutron methods involve interactions with atomic
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nuclei, they are highly penetrating and the strength of the scattering from a given
nucleus is dependent on its scattering cross-section. This is a property of the
specific isotope of the nucleus and is not related to its atomic number; indeed 'H
has an exceptionally high scattering cross section for INS while the cross sections
of 2H, Si, Al and O nuclei are all low. For hydrocarbon systems in zeolites therefore
the INS spectrum is dominated by the modes of the adsorbates and the O-H
catalytic groups; masking of the fingerprint region is not a concern. INS
spectroscopy also lacks selection rules, meaning that all vibrational modes are
present in the spectrum for analysis. INS intensities are also quantitative, being
directly proportional to the population of the group responsible for a given
vibrational mode without any extinction coefficients or resonance enhancement
complicating the quantification of the contents of a catalytic sample. Finally, INS
is a bulk technique and while its relative insensitivity does require large sample
sizes in comparison to IR or Raman methods (on the order of 10-20 g of catalyst),®
this means that the resulting spectrum is well averaged, an important
consideration when attempting to simulate large-scale industrial processes. For a
more detailed consideration of the principles behind INS spectroscopy and their

implications for its use in catalysis the reader is referred to Section 2.1.2 below.

Advances in the sensitivity and resolution of INS spectroscopy have led to its
increasing application to investigate heterogeneously catalysed systems; this field
has been reviewed by Parker and co-workers on multiple occasions as it has
developed.>% 3%-61 Most notably for this thesis, recent studies by Howe, et al.®? and
Suwardiyanto, et al.®® have successfully applied the technique to investigate the
MTH reaction. These studies were successful in observing the retained species
within the used zeolite and detecting changes in the resulting spectra based on
differences in reaction conditions, thus proving the suitability of INS as a
technique for investigating zeolite catalysts since applications to FCC-type

reactions should yield equal success.

1.3.2 Studying Adsorbate Dynamics in Zeolites:

Diffusion measurements of sorbate molecules in zeolites can be broadly divided

into macroscopic and microscopic techniques. Macroscopic measurements use
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methods such as sorption uptake, chromatography and steady-state permeation
measurements and measure the movement of molecules in the presence of a
concentration gradient.®* Microscopic measurements have more immediate
bearing on the catalytic properties of a zeolite catalyst because they involve time
and length scales corresponding to the movement of molecules in the interior of
zeolite pores.®*% Pulsed field gradient (PFG) NMR measurements can access
molecular displacements on the order of 0.1-1 pm with timescales of 1 ms and
have been successfully applied to the measurement of movements at the larger
end of the microscopic scale.®%” However, the technique of quasielastic neutron
scattering (QENS) can extend these scales down to the level of Angstroms and
picoseconds; this is sufficient to allow observation of essentially the full range of
motions which can occur within zeolite pores including small pore zeolites. For
this reason, QENS has become the preferred technique for providing detailed,
molecular-level experimental information on zeolite-adsorbate systems,
particularly with hydrogenated adsorbates, which can exploit the high scattering
cross section of the 'H nucleus to achieve high signal strengths. An extensive
literature exists on the diffusion of small molecules®’-%® and the normal
hydrocarbons from C3-C1¢ within zeolites,%72 together with considerations of the
effect of chain branching on diffusion.’?73 However, information on the diffusion
of reactive species like alkenes in zeolites is much less prevalent, furthermore,
the effect of catalyst de-alumination remains almost unstudied. The dynamics

studies in this thesis are an attempt to address these areas.

1.3.3 Computational Modelling as a Supplement to Neutron
Methods:

An additional advantage of neutron spectroscopic methods is that their distinctive
properties mean that they possess excellent synergies with computational
chemistry methods. Both INS and QENS techniques can benefit from this, with

each being complemented by different simulation techniques.

For INS spectra, the lack of any selection rules or extinction coefficients and the
simple relationship between the scattering intensity and the vibrational modes

(see Section 2.1.2) means that it is possible to generate a model spectrum of a
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molecule of interest from computational data. The only information required is
the amplitudes of the atomic motions in the various vibrational modes, which may
be generated computationally from an optimised electronic structure
simulation.?”> 5% Even simulations of isolated single molecules can produce data
useful to spectral analysis, and by using methods such as density functional theory
(DFT), as described in Section 2.2.1, the resulting calculations can be performed

on desktop-level computing hardware, rendering them eminently accessible.

For QENS, the time and length scales of motion accessible for measurement
correspond to those which are practical to simulate using force-field based or
‘classical’ molecular dynamics (MD) simulations, namely up to the nanometre and
nanosecond level.%*% Both methods produce measures of molecular movement
which are directly comparable; as described in Chapter 2, this means that QENS
measurements can be used to validate the parameters used to describe molecular
interactions in MD simulations, and conversely that results from MD simulations
can be used to guide the fitting and analysis of QENS data.” Advances in
computational hardware mean that MD simulations at the all-atom flexible-zeolite
level of realism, which provides for close agreement with experimental data,’#7>
are performable in reasonable time frames without requiring the use of
supercomputer-level processing resources, rendering them accessible to the non-

specialist.

1.4 Project Objectives:

It is clear from the overview given above that applying inelastic neutron scattering
spectroscopy and the combined use of quasielastic neutron scattering and
molecular dynamics simulations to the reactions of olefin molecules in zeolites
offers the possibility of new insights into the mechanisms of these important
reactions. These insights are particularly likely to be industrially relevant if they
are used to address fundamental questions about the effect of zeolite aging
through de-alumination on the interactions and dynamics of active olefin sorbates.
INS also offers the possibility of more detailed study of the processes which build
up the coke species responsible for the temporary deactivation of zeolite catalysts

by allowing collection of vibrational spectra of the catalyst after longer reaction
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times. This thesis seeks to systematically apply these advanced techniques, in
combination with conventional micro-reactor studies and optical spectroscopy, to

address these questions.

The zeolite used throughout the study was a commercial material grade
H-ZSM-5 zeolite supplied in powder form without binder by our industrial
partners, Johnson Matthey plc. ZSM-5 was chosen as being the zeolite of
greatest use for selective cracking and MTH chemistry, as described in
Section 1.1.1. The use of a commercial zeolite was decided on to more closely
link the results obtained with chemistry of industrial interest, to increase
sample reproducibility across the breadth of the project, and to simplify the
process of preparing the large sample sizes necessary for neutron
measurements by using a catalyst procurable in bulk. In order to reduce the
complexity of the large number of simultaneous reactions which occur in
hydrocarbon pool type reactions over zeolites, the hydrocarbon testing was
done in the form of model compound studies using pure hydrocarbon feeds.
Propene was used as it is the light olefin of greatest commercial interest as a
cracking product and is of interest as an intermediate in MTH chemistry.?% 47
Studies of the dynamics of this system also made use of propane as an inert
analogue of similar size and diffusivity. Investigations into cracking chemistry
used 1-octene, which is commonly employed as a model compound for the type
of linear and branched C7-Cs; olefins which are the active fraction for FCC

reaction over ZSM-5.30, 76-77

Chapter 3 covers the results of a comprehensive characterisation of this ZSM-5
catalyst by both conventional and neutron methods, together with a brief
consideration of how the model compounds appear when examined by neutron
methods. How the model compounds and the fresh ZSM-5 catalyst interact at low
temperatures is examined in Chapter 4. Building on these baseline measurements,
the effect of the de-alumination of the acid H-ZSM-5 in a manner consistent with
aging in catalytic use on these low temperature interactions is studied in
Chapter 5. Finally, Chapter 6 turns to reaction studies of olefin conversions at

temperatures more representative of catalytic use in MTH and FCC reactions.
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In a separate study to the olefin conversion reactions described in Chapters 4-6,
the molecular dynamics methods developed as part of this thesis were applied to
study the motions of methane adsorbed in ZSM-5 as an inert analogue for the
movement of methanol in MTH systems. This work was performed in partnership
with another PhD student at the University of Glasgow, Ms Andrea Zachariou, and
the portions of that work relevant to this thesis are presented in Chapter 7. For a
more detailed discussion of the division of labour in this study please see the

Preface to this thesis.

Before presenting these studies, it is necessary to consider the theoretical
background underpinning the neutron and computational methods employed and
the techniques and tools used in their analysis. These concepts, together with the
experimental apparatus and procedures used in the rest of this project, are

introduced in Chapter 2.
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Chapter 2. Materials and Methods

Neutron scattering spectroscopic methods are a unique tool for studying the
structure and dynamics of materials at scales which are of relevance to catalysis. An
overview of neutron scattering theory is necessary to show how it leads to
techniques which have both advantages and disadvantages relative to more
‘conventional’ spectroscopic methods. The technical aspects of neutron sources and
instruments are here briefly outlined to demonstrate how the use of different
instrument types is necessary to obtain a clear picture of the entire energy-transfer
region of interest. A discussion is made of the principles used to analyse neutron
scattering data, with particular emphasis on the technique of quasi-elastic neutron
scattering (QENS), which allows the direct determination of diffusion characteristics

through fitting analysis.

The theory behind neutron vibrational spectroscopy renders its results particularly
amenable to comparison with results from ab initio molecular simulations. The size
of zeolite-hydrocarbon systems of interest is such that simulations of the motions
within the system on QENS timescales can be performed by classical molecular
dynamics. The steady increase in widely available processing power, together with
development of improved software tools, means that the entry barrier to
computational chemistry simulations has decreased to the point where these
techniques are accessible to non-specialists. Both of these techniques have been
used as tools to aid in the analysis of experimental results: the specific simulation

methods utilised and their underlying theory is examined here.

In addition to these neutron- and computer-based investigations, a large number of
techniques have been employed to characterize the ZSM-5 catalyst in both used and
unused states. Micro-reactor testing has been employed to investigate the catalytic
activity of ZSM-5 under varying conditions; additional reactions using a 10 g-scale
reactor have been performed to enable product analysis by neutron methods and to
prepare aged materials for investigations of the effect of zeolite de-alumination.

The apparatus and instruments employed in these investigations are described.
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2.1 Neutron Spectroscopy; Theory, Techniques and

Analysis:

Neutron scattering techniques make use of the properties of the neutron (in),
namely that it is an elementary particle with zero charge but possessed of both a
mass and a magnetic moment. Its rest mass is 1.0087 atomic mass units,
approximately that of a hydrogen atom, and its magnetic moment is spin %2. As a
quantum mechanical entity, the neutron displays wave-particle duality, with both
particle-like and wave-like behaviour depending on how it is viewed. Neutrons
with an energy of approximately 25 meV, referred to as ‘thermal’ neutrons, have
a de Broglie wavelength of ca. 1-5 A, on the order of intermolecular and
interatomic distances, and an energy expressed in wavenumbers of
ca. 30-700 cm™', comparable to those of molecular vibrations. Therefore,
investigations using neutrons in this energy range can yield information on both
the structure and dynamics of a system from which they scatter. This investigation
focuses primarily on the use of neutron scattering spectroscopy, where treating
neutrons from a particle-like perspective is often more intuitive, however, wave-
like behaviour is also exploited for energy selection or analysis as well as in

neutron diffraction measurements.57> 59-¢0, 78

These properties give rise to a number of effects governing the interaction of a

neutron flux with matter that are useful for spectroscopy:

— Because neutrons are uncharged, they do not interact with the electron
cloud and scatter solely from atomic nuclei. Neutrons are therefore much
more penetrating than photon- or electron-based spectroscopic methods,
which allows easier probing of the bulk processes of samples where these
may differ from surface chemistry.

— Since neutrons do not interact with the electron cloud, the intensity of
scattering is determined by nuclear and isotopic effects rather than by the
number of electrons. Neutron spectra are therefore not necessarily
dominated by heavier components, and in fact certain methods are highly

selective towards hydrogenous species as detailed below.
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— The above two factors mean that design of sample environments is
considerably simplified since a few millimetres of aluminium is functionally
transparent to neutrons.

— Neutron spectroscopy has no selection rules as the scattering events involve
measurable levels of momentum transfer due to the mass of the neutron,
thus the entire vibrational spectrum is measurable.

— Due to the lack of selection rules and electro-optical parameters, neutron
spectra are readily and accurately calculated from computer simulations.
Spectral intensities are related solely to the displacement of scattering
centres and the quantities of scatterers so displaced.

— The energy range of neutrons is extremely wide and may be set by
moderation of the incident neutrons down to thermal temperatures.
Transitions with energies as low as 25 peV (0.2 cm™) can be observed by
using extremely slow neutrons allowing observation of translational and
rotational modes,>” while use of higher energy neutrons allows ready access

to vibrational regions of the spectrum.

2.1.1 Basic Theory of Neutron Scattering:57, 5960, 78

Neutron scattering techniques are relatively intuitive in their application but
involve some specialised concepts that affect the analysis of the resulting data
and which it is therefore necessary to define. In the following sections we will
discuss the concepts of: energy and momentum transfer, coherent and incoherent
scattering and the ways in which the ways to generate a usable neutron flux affect

the design and operation of neutron instruments.

Figure 2-1: Schematic representation of a simple scattering event. Figure
adapted from Mitchell, et al. with modifications.>’

In its simplest form, neutron scattering occurs when an incident neutron
encounters an atomic nucleus in the sample and is scattered from it as a result of

that collision, as represented in Figure 2-1. An incident neutron with energy E; is
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scattered through angle 6 onto a new vector with energy Er by the nuclear strong
force. Because the range of the nuclear interaction potential is very small relative
to the wavelength of the neutron, the nucleus may be regarded as a point
scatterer and the scattering occurs isotropically. This simple picture is
complicated by the fact that not all scattering events are the same. A neutron
may scatter in coherent or incoherent modes and may do so elastically or
inelastically. An additional possibility is that the neutron may be absorbed by the
nucleus, resulting either in an isotopic transmutation, the radioactive decay of
the now-unstable nucleus or nuclear fission. However, while neutron absorption
plays an important role in the design of neutron sources and instruments, its
relevance to spectroscopy is relatively small for most samples other than the
handling considerations resulting from the induced radioactivity that inevitably

occurs in any material investigated by neutron methods.

2.1.1.1 Energy and Momentum Transfer:

The energy of a neutron refers to its kinetic energy, which from a particle

perspective is given by:

E = —mv? (2.1)

Alternatively, the wave perspective treats the neutron as having a wavevector, k,
(which includes both its velocity and direction of travel) and wavelength, A. From

a particle perspective, the momentum of the neutron is given by nk.

k="=— (2.2)

When the neutron scatters from an atomic nucleus it may do so elastically, where
no energy transfer between the neutron and the sample takes place; scattering of
this type forms the basis of techniques which are used to study material structure
such as neutron diffraction, small-angle neutron scattering (SANS) and
reflectrometry. Alternatively, the collision may involve a transfer of energy
between the neutron and the atom from which it scatters, exciting or de-exciting
one of the modes of the molecule that includes the scattering atom and resulting

in an inelastic scattering event. All modes are in principle accessible from
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molecular translations and rotations upward, limited solely by the incident energy
of the specific neutron in the scattering event. The energy transfer which occurs,

w, is the difference between the incident and final neutron energies.

hZ

Inelastic neutron scattering therefore has similarities to Raman scattering in that
both involve a change in the incident energy of the scatterer which may be
exploited spectroscopically. There is, however, one major difference; neutron
scattering events involve a significant transfer of momentum from the neutron to
the sample by virtue of a change in the direction of its travel and/or its energy.
This momentum transfer, Q, is the product of the vectors of the incident and
scattered neutrons and its value may be calculated from the wavevectors and
scattering angle by applying the cosine rule for triangles. Momentum transfer is
not a factor in optical spectroscopy methods due to the momentum of photons
being insignificant at energies below the X-ray level. This means that only
transitions which occur at zero momentum transfer can be excited, leading to the
selection rules in both infrared and Raman spectroscopy, that only transitions at
zero wavevector are observable. This is not the case with neutron scattering: all
neutron spectroscopic methods are inherently two-dimensional, with w and Q

being linked, and thus transitions at all wavevectors are permitted.

Real Space Reciprocal Space

Figure 2-2: Momentum vectors in a scattering event and the associated
scattering triangle in reciprocal space showing derivation of the
momentum transfer, Q. Figure adapted from Mitchell, et al.”’

For historical reasons, the neutron scattering literature usually expresses lengths
in Angstroms and Q in A-'. Similarly, neutron energies and energy transfer values

are usually expressed in wavenumbers (cm™') for vibrational spectroscopy
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applications and in electron volts (eV) for matters related to instrumental design
and in QENS applications. Neutron spectra are conventionally presented as
horizontal-step traces or individual data points in order to make the energy
resolution of the data more readily apparent, since this can vary within a single
spectrum due to instrumental design effects. This thesis will follow these

conventions throughout.

2.1.1.2 Coherent and Incoherent Scattering:

The split between coherent and incoherent scattering arises from the wave-
particle duality of the neutron. Coherent scattering derives from the wave-like
view of neutron behaviour, under which it interacts simultaneously with multiple
centres across the entirety of the sample giving rise to new neutron wavefronts.
These simultaneously generated wavefronts are in phase and therefore interfere
constructively if the sample possesses long-range order, resulting in interference
patterns of varying intensity depending on 0. Since the neutron interacts with
multiple centres the momentum and energy transfer of the scattering event is
likewise distributed across the sample. Coherent scattering is therefore a probe
of structure and of collective motions such as phonon modes in crystal structures

and magnetic transitions.

In contrast, treating the neutron as a particle involves it only interacting with a
single scattering centre. Since the scattered neutron only emanates from a single
location there is no possibility of interference and thus the scattering is
incoherent. Similarly, the associated momentum and energy transfers involve only
the scattering nucleus and its associated bonds, meaning that incoherent
scattering is a probe of local structure properties such as bond vibrations and the

movement of individual molecules.

The strength of scattering from an atom is expressed in terms of its scattering
cross-section, o, which has units of cross-sectional area, conventionally given in
barns (b) where 1b =102 m2. The scattering cross section is linked to the
scattering length, b, a measure of the strength of the neutron-nucleus interaction

by the relation:
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0 = 4mb? (2.4)

The number of neutrons scattered out of a beam by a sample depends on the
quantity of the scatterer(s) in the sample and the corresponding scattering cross
section(s) by a law similar in form to the Beer-Lambert law for optical adsorption;

if effects from neutron adsorption are ignored, it may be expressed as:

Jr = JieC %) (2.5)

Here ds is the sample thickness, C its concentration and J; and Jr the neutron flux
before and after the sample respectively. There is no known way to calculate the
scattering cross section or length of a nucleus from its fundamental properties, so
published lists of such parameters are always derived from experimental

measurements.’?

Any given sample will scatter both coherently and incoherently, but the relative
degree to which it does each is a function of its composition. The greater degree
of long-range order in a sample the more significant the level of coherent
scattering due to the increased scope for constructive interference. Theoretically,
this will result in totally coherent scattering in the case of a regularly spaced
lattice of a single nuclear type. However, this theoretical limit is never achieved
in reality due to the possibility of different isotopes being present and the
neutron’s sensitivity to sample spin incoherence. It therefore follows that each
isotope has its own characteristic coherent and incoherent scattering cross

sections.

Table 2-1 presents the adsorption and scattering cross sections for a variety of
nuclei relevant to catalysis or the design of neutron instrumentation. A number of
consequences for the use of neutron scattering can be derived from these values.
Firstly, there is no overall trend which links scattering intensity to the atomic
number of the atom, which is the case for techniques such as X-ray fluorescence,
and therefore neutron scattering results are not dominated by the heavier
elements. The effect of spin incoherence leading to an exceptionally high Ginc
value for 'H is also readily apparent, leading to the observation that inelastic
neutron scattering is dominated by modes involving hydrogen centres in systems

where they are present. In contrast, deuterium is primarily a coherent scatterer
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with a much lower incoherent cross section meaning that selective deuteration is
a useful tool in neutron scattering to mask or highlight parts of the system which
are of interest. The extremely low cross section of other components of the zeolite
catalytic system (Si, Al, O and C) means that, as previously noted, they do not
significantly contribute to the overall spectrum and masking effects are avoided.
Finally, experimental design for neutron experiments is dramatically simplified by
the fact that thin windows of vanadium (especially for coherent applications) or
aluminium (for incoherent applications) are functionally transparent to neutrons
due to their low scattering cross sections and the manufacture of sealed, neutron-

transparent sample environments is feasible

Table 2-1: Coherent, incoherent and total scattering cross sections,
absorption cross sections and natural abundance of selected
isotopes. Adsorption cross sections given for neutrons with
E = 25.30 meV. Data taken from Sears.”®

e
H 99.985 1.7583 80.27 82.03 0.3326
H 0.015 5.592 2.05 7.64 5.19 x 10
3He 1.4 x 10 4.42 1.6 6.0 5333

“He 99.99986 1.34 0.0 1.34 0

6Li 7.5 0.51 0.46 0.97 940
108 20 0.144 3.0 3.1 3835
12C 98.90 5.559 0.001 5.551 3.53 x 1073
160 99.762 4,232 0.0 4,232 1.9x10*
Z7Al 100.0 1.495 8.2x103 1.503 0.231
286 92.23 2.120 0.0 2.120 0.177
Y 99.75 2.03 x 1072 5.07 5.09 4.9
113Cd 12.22 12.1 0.3 12.4 20600
157Gd 15.7 650 394 1044 259000

2.1.1.3 Neutron Sources:

All neutron experiments require a suitable source of neutrons with an appropriate
energy distribution. While it is possible to generate weak neutron beams from

radioisotopes or fusors, the high levels of neutron flux necessary for spectroscopic



Materials and Methods 65

investigations are only available from two types of source: research fission
reactors and spallation sources. This in turn means that investigations using
neutron methods can only be carried out at dedicated facilities, available
instrument time is a limited resource and is usually allocated to researchers

through a competitive proposal submission process.

Reactor sources use the slow-neutron-induced fission of 23°U to generate further
neutrons. Under steady state conditions reactors generate surplus neutrons for
each 23U fission event in addition to those necessary to sustain the nuclear chain
reaction and these escape the reactor core and are available for scientific use.
The neutrons released by fission have extremely high energies and these are
brought down to useable energy levels through moderation, a process of repeated
inelastic collisions with a hydrogen-containing material, usually water. This results
in a Maxwell-Boltzmann distribution of neutron energies around the temperature
of the moderator fluid. Moderation in water at room temperature produces a
neutron distribution with a peak at around 200 cm~' and very little flux above
1200 cm™'. Production of ‘cold’ neutrons, which are useful for diffraction
applications, may be achieved through the use of moderators at temperatures
down to 25 K. Reactors have historically been the most common neutron sources
worldwide and offer the advantage of constant neutron production with the flux
level determined by the size and power of the reactor core, which is in turn
limited by the ability to cool the fuel elements. The most powerful research
reactor in operation as of 2021 is located at the Institut Laue-Langevin, Grenoble,
France and operates at 58.3 MW (thermal) with a neutron flux of

1.5 x 10" ¢cm=2571.80
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Figure 2-3: Layout of the ISIS Neutron and Muon Source, Oxfordshire, UK
showing the synchrotron used for proton acceleration, the
extracted proton beam lines and the neutron instruments
clustered around the two spallation targets. Image credit:
STFC.

Spallation sources generate neutrons by striking a heavy-metal target (usually
tungsten or mercury) with a beam of relativistic protons. Collisions between the
proton beam and the target generate excited nuclei which decay through the
release of subatomic particles, including neutrons. These released particles are
sufficiently energetic to generate further excited nuclei in a cascade sequence

should they collide with a nucleus before they escape the target, magnifying the
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number of neutrons generated; an average of 15 neutrons are released for each
proton delivered to the target. This internuclear cascade results in high neutron
flux with much lower waste heat production than in an equivalent reactor source.
The majority of neutron sources use a synchrotron to accelerate the proton beam
and operate in a pulsed mode with bunches of protons being injected into the
synchrotron, accelerated to the target velocity (> 80 % c) and fed into an extracted
beam line leading to the target station. Figure 2-3 shows the layout of the ISIS
Neutron and Muon Source located at the Rutherford Appleton Laboratory,
Oxfordshire, UK.8' ISIS was the first high power spallation neutron source,
achieving operation in 1984, and is unusual in having two separate spallation
targets. The proton synchrotron operates at 50 Hz with 80 % of the resulting pulses
being directed to the first target station and the remaining 20 % passed to the
newer Target Station 2 (commissioned in 2008) which is optimised for cold-neutron

applications.

As with reactor sources, the neutrons produced by spallation require moderation
down to useful energies before they are passed to the neutron instruments. Unlike
at reactors, the moderator tanks are small enough that the neutron pulse does not
achieve thermal equilibrium with the moderator. This is essential in order to
preserve the narrow pulse width which is necessary for good energy resolution.
This also means that the neutron pulse contains a significant proportion of
epithermal neutrons with energies above 1200 cm~'. Therefore, when comparing
reactor and spallation sources, spallation offers higher peak neutron flux and
higher levels of epithermal neutrons, while reactors generally have higher time-
averaged flux and greater levels of cold and thermal neutrons. This means that
spallation sources are generally more useful for vibrational spectroscopy due to

offering a wider range of accessible energy transfer values.>’

An important aspect of neutron facility design is the need to shield the source,
beamlines and instruments, both for the health of the operators and to prevent
the contamination of experimental results by stray neutrons. This is achieved
through the use of materials containing isotopes with extremely high adsorption
cross sections. Boron is commonly used due to the 20 % '°B content (Table 2-1);
this adsorption is most efficient at thermal neutron energies so is often employed

in the form of boronated plastics and waxes which moderate any high-energy
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neutrons and increase the level of adsorption. Cadmium is often used for shielding
and for items such as neutron beam shutters and collimators where the bulk of
boronated materials would be problematic. Gadolinium is even more adsorbing
than cadmium and works better at higher energies, but its expense limits it to
applications where space is at an absolute premium. Other forms of radiation are
also emitted during operation from the relaxation of excited nuclei and the decay
of radioisotopes generated by neutron activation of components of the source,
instruments or samples. This radiation is dealt with by the use of concrete and

heavy metal shielding where appropriate.

Once generated and moderated, from whatever source, the neutrons must be
transported to the instrument. Since neutrons are uncharged they cannot be
focussed or redirected and will travel in a straight line after leaving the moderator
tank. Neutron facilities therefore have their instruments clustered around the
source with a neutron beam tube, usually evacuated to avoid scattering from air,
leading from the moderator to the instrument, as can be seen in Figure 2-3. Lining
the beam tube with optically flat nickel guides can increase the flux of low energy
neutrons at the instrument by total external reflection of neutrons which strike
the guide below its critical angle: the use of layered supermirrors extends the
energy range where this can achieve useful increases in flux into the region which

is useful for neutron spectroscopy.?8?

Despite these measures, the major limitation of neutron scattering, other than
limited availability of facilities and instrument time, is that flux levels remain
quite low in comparison to those achievable by even benchtop optical
spectrometers. This means that neutron spectroscopy is not particularly sensitive
and large sample sizes with long collection times are required to achieve useable
signal:noise ratios in the final spectra. While spectra of pure hydrocarbon
compounds can be collected using sub-gram samples on sub-hour timescales
sample sizes in the 5 - 15 g range and collection times in hours are more realistic

for investigations of dosed or reacted zeolites.
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2.1.1.4 Neutron Detectors:

The uncharged and penetrating nature of neutrons means detecting them is
extremely difficult. All practical detector designs make use of neutron-initiated
nuclear reactions which generate charged particles which can be detected. The
primary design of detector used in most spectrometers is the helium gas tube.
This consists of a high voltage anode surrounded by helium-3 at high pressure.
Helium-3 has a high adsorption cross section and on adsorption undergoes the

reaction:

in+3He — 3H+ 1H + 0.77 MeV (2.6)

With the resulting charged particles setting off an ionisation cascade which can
be detected electronically. He tubes are sensitive and have low background but
are relatively bulky, can be saturated by high levels of neutron flux and require
an isotope which is both scarce and increasingly expensive. For high count rate
applications, or those where high position sensitivity is desirable, an alternative

is scintillator detectors. These use the reaction of lithium-6 by:

on+ SLi — 3H + 3He + 4.79 MeV (2.7)

The lithium is embedded in a ZnS phosphor which emits a detectable flash when
energised by the adsorption event. High position sensitivity is achieved through
the use of fibre optic photosensors, which can be positioned to observe the

scintillator with a high pixel density.

One important feature of both gas tube and scintillator detectors is that while
they are capable of resolving the momentum transfer component of the scattering
event, by arranging multiple detectors into a position-sensitive detector bank,
they are incapable of discriminating between different neutron energies due to
the insignificance of these energies relative to the nuclear reaction which
generates the detected charge. Resolving the energy transfer component of
inelastic scattering events is therefore a function of the design of the neutron
spectrometer itself (see Sections 2.1.2.2 and 2.1.2.3). Spallation sources have an
important advantage in this regard; since all neutrons in a pulse are generated

simultaneously when the proton beam strikes the target their energy at any point
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downstream may be derived easily from the time taken to reach the detector and
the distance travelled. All spectrometers at spallation sources exploit this

property and utilise time-of-flight methods to determine energy transfer.

2.1.2 Inelastic Neutron Scattering:>" 9

Coherent inelastic neutron scattering is, as noted above, a probe of bulk motions
like phonon motions and magnetic dispersion in crystals. Its application to the
systems of interest to this thesis is limited, particularly as the high incoherent
scattering cross section of hydrogen appears as background noise in the coherent
spectra of any hydrogenous system. This technique has therefore not been used

in this thesis and will not be discussed further.

Incoherent INS is a probe of bond vibrations and rotations and the movement of
single molecules. The intensity of the scattering from a given atom [ in the vt

mode at energy transfer w is given by:>°

.V 21n 2
S"Q,w,) « :—;%exp — (Q z "ul> (2.8)
where Q is the momentum transfer, o, the incoherent scattering cross section of [,
Yu; the amplitude of motion of [ in mode v and n the order of the transition, with
n = 0 being elastic scattering, n = 1 the fundamental mode and n > 2 corresponding
to overtones (see Section 2.1.2.1). This is conventionally referred to as the
scattering law for the scattering from a sample (also called the scattering function
or the dynamic structure factor) and is the most common way of reporting INS
data. S(Q,w) is usually reported as a scaled value in arbitrary units of relative
intensity since measuring the absolute intensity in the correct units (b(cm=")")
introduces considerable experimental difficulties without tangible benefits.>” The
scaling factor used is consistent between experiments so comparability between

samples is maintained.

Equation (2.8) has some important consequences for INS. The dependence of
scattering strength on the amplitude of motion further increases the degree to

which hydrogen modes dominate the spectrum and means that torsions, bends and
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C-C deformations often give intense peaks in INS due to their involving large
movements of the associated hydrogens. Secondly, the exponential term in
Equation 2.8 is the Debye-Waller factor, which leads to suppression of the INS
peak at a level dependant on a sum over all modes. This can be potentially quite
significant, and necessitates that as few modes as possible should be populated
during the measurement. In practice, this means that INS experiments must be
performed at temperatures lower than ca. 30 K to return reasonably defined
peaks, which is accomplished by incorporating a closed cycle refrigerator (CCR)
into the instrument sample environment. The sample is sealed inside an aluminium
sample can and suspended inside the CCR which is evacuated to a pressure of ca.
30 mbar and cools the sample to these cryogenic temperatures. It is therefore
obvious that INS is not suitable as an operando spectroscopy technique, and in
most cases measurements of reacted samples must be performed ex situ. It is
however possible to introduce gaseous adsorbents to the sample in situ through
the use of cans equipped with gas-tight fittings attached to heated lines extending
outside the CCR. Finally, the simple dependence of scattering intensity on the
amplitude of the vibrational motion can be exploited for simulation of vibrational

systems as detailed in Section 2.2.1.

The spectrometers used in INS measurements can be separated into three types.
Triple-axis spectrometers are the most common type of INS instrument but they
are best suited for measurements of coherent scattering at reactor sources; their
applicability to the study of catalytic systems is limited and they will not be
considered here. The remaining classes of INS instrument are split into indirect
and direct geometry spectrometers depending on whether they determine energy

transfer by fixing the final or incident neutron energy respectively.

2.1.2.1 Overtones, Combinations and Phonon Wings:

In addition to the fundamental modes INS results have multiple other features
which appear in the final spectrum and can complicate its analysis. The simplest
of these features is overtone modes. Unlike in optical spectroscopy, in INS
spectroscopy, transitions where Av = 1 are allowed within the harmonic
approximation and contribute significantly to the spectrum. Therefore, in addition

to the fundamental (1<0) transitions overtone modes (20, 3<0 ... n<0) also
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appear; a common rule of thumb is that overtone contributions out to n = 10 are
significant enough to be considered when analysing neutron data.”” The second
possibility is combination modes, where two motions of the same atom (e.g. a C-
H stretching mode and a bending mode of the same C-H bond) are excited
simultaneously, resulting in a peak at the sum of the energies of the two
contributing modes. The final possibility is the presence of phonon wing modes.
These are formed by coupling between a mode and the external density of states

of the sample and are mostly observed for crystalline materials.
2.1.2.2 Indirect Geometry Spectrometers:

Indirect geometry instruments, typified by the TOSCA spectrometer at the ISIS
Facility,®® have historically been the preferred instrument for INS studies of
catalytic systems due to their ease of use. A simplified layout of an indirect
geometry instrument designed for use at a pulsed source is shown in Figure 2-4.
In these instruments the sample is exposed to an unmodified beam of neutrons
from the moderator, referred to as a ‘white’ beam since it contains the full range
of moderated neutron energies. Due to separation as they travel down the beam
path from the moderator, neutrons with high energies will arrive at the sample
first, with the energy of the incident neutron decreasing with increasing time after
pulse generation. Neutrons scattered from the sample are filtered so that only
those of a specific energy are passed to the detector banks. On TOSCA this is
accomplished by scattering from a pyrolytic graphite crystal which is positioned
at an angle so that the [002] plane reflects neutrons with the low energy of 32 cm™
onto the detector bank through Bragg scattering. A cooled beryllium filter (which
is transparent to neutrons with an energy lower than 40 cm™') removes higher-
order reflections from the final spectrum. The total flight time, t, of a detected

neutron in this arrangement is given by:

o b

Vo 1

t (2.9)

where vo and vi are the velocities of the incident and scattered neutrons
respectively and Lo and L1 the neutron path lengths before and after the sample.

Both L values are known and constant due to the design of the spectrometer. The
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value of vy is always 32 cm™ since it is set by the crystal analyser and Be filter
combination. It therefore follows that as t increases vo decreases, and thus the
magnitude of the energy transfer necessary to convert vo to vi as a consequence
of the scattering event also decreases. It can therefore be seen that the indirect
geometry instrument sweeps across the possible spectrum of w values with

increasing t after the proton beam triggers a neutron pulse.?

Crystal

analyser H Detector

Beryllium
Filter

a+b=L1

Moderator

A

Figure 2-4: Simplified layout of an indirect geometry neutron spectrometer
such as TOSCA. Lo and L4 are incident and scattered flight path
lengths. Figure adapted from Colognesi, et al. with
modifications.8

Indirect geometry offers (relatively) high neutron flux due to the white incident
beam, high resolution at low w and extremely simple data collection that outputs
spectra similar to those collected for IR or Raman techniques. However, it does
have some drawbacks due to the fact that the data collection method means w
and Q are inherently linked; scattering intensity collected at high energy transfer
values is automatically collected at high momentum transfer values as well. This
means that above ~1200 cm™" spectra collected on indirect geometry instruments
shows increasing contributions from overtones and broadening which hides all but
the largest peaks. If accurate spectra at these energies is required, direct

geometry instruments have recently been shown to provide better results.°
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2.1.2.3 Direct Geometry Spectrometers:

Fermi
Chopper

A
_/

Moderator

| Sample

y vy

Detector Bank

Figure 2-5: Simplified layout of a generic direct geometry neutron
spectrometer.

A direct geometry instrument in some ways operates in the opposite fashion to an
indirect geometry instrument. As shown in Figure 2-5, instead of bombarding the
sample with a white neutron beam and selecting a single scattered energy the
direct geometry instrument sets a single incident neutron energy by passing the
moderated neutron pulse through a Fermi chopper, a rotating cylinder with curved
gaps through the centre which filters out all neutrons whose velocity is not in
phase with its rotation rate. Varying the phase of the chopper relative to the pulse
generation allows setting the incident energy to any value within the range
available in the moderated neutron pulse by determining at what point in the
pulse the chopper slits become parallel to the incident beam path. This
monochromatic neutron pulse then strikes the sample and is scattered into
multiple energies that are picked up by a wide bank of detectors. The detector
array is curved, allowing determination of Q for the detected neutron from the
angle of the detector relative to the incident beam, and the post-scattering
energy is determined by time-of-flight methods as before. This results in a 3-
dimensional plot of neutron intensity vs both w and Q known as a mitre plot which
presents the full S(Q,w) scattering law, an example of which is included in
Figure 2-6. This may be reduced to the more familiar 2D spectrum of intensity vs

energy transfer by integration with respect to Q.
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Figure 2-6: S(Q,w) Mitre plots of 1-octene measured on MAPS at incident
energies of 5244 cm™ (a) and 2017 cm™ (b). Line (c) shows the
trajectory in (Q,w) space measured by the forward-scattering
detectors on TOSCA, which may be taken as typical for indirect
geometry instruments.

Figure 2-6 presents mitre plots for a sample of 1-octene recorded at two different
incident energies. It can be seen how at low values of Q the scattering peaks are
sharply defined, corresponding to fundamental transitions, while at higher
momentum transfer values the responses become broader and fuzzier as overtone
contributions predominate. The fact that the energy resolution of the instrument
is a percentage of the incident energy is also apparent, since Figure 2-6(b)
recorded at the lower E; of 2017 cm™' offers much narrower response peaks than

Figure 2-6(a) (recorded at 5244 cm™') in the areas where the two spectra overlap.

Direct geometry instruments have inherently lower resolution than indirect
instruments at low w since a chopper is a less discriminating filter than Bragg
scattering from an analyser crystal. In practice the actual energy resolution is a
fixed percentage of the selected incident energy depending on the design of the
chopper. Additionally, filtering the incident neutron pulse results in lower incident
flux and attenuated signal:noise, this is compensated for by direct geometry

instruments generally having large areas of detectors. These instruments do offer
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the option of directly trading off flux against resolution to meet the needs of the
test in question by the choice of chopper and its speed. The advantage of direct
geometry instruments is that it is possible to deliberately exclude the high-Q
portions of the spectrum when integrating the mitre plot, resulting in a spectrum
with less contributions from overtone modes, enabling access to the C-H and O-H
stretch regions. It can be seen from Figure 2-6 that limiting the integrated Q range
to values of 10 A-' and below eliminates the majority of the overtone modes from
the spectrum. Comparison with the S(Q,w) trajectory of an indirect instrument
(Figure 2-6(c)) demonstrates how this will lead to lower levels of overtone
contributions in date collected on a direct geometry instrument if the area of
interest is above ca. 2000 cm'. Additionally, by varying the incident energy it is
possible to shift the region of the energy transfer spectrum which corresponds to
low Q values. Essentially, a direct geometry instrument has lower overall
resolution but can reposition the region of optimum resolution as needed, while
the indirect geometry has higher peak resolution, but this is fixed at low energies.

The two designs are therefore complementary.

2.1.2.4 Multiple Scattering:

One additional factor which requires consideration in experimental design is the
possibility of a scattered neutron undergoing an additional scattering event before
escaping the sample. This presents a problem for instruments that resolve the Q
dimension of the scattering function, including direct geometry INS
spectrometers, because it destroys the linkage between the energy and
momentum transfer values of the scattered neutron. For this reason, sample sizes
and compositions for direct geometry measurements are set so that the sample
will scatter approximately 10 % of the incident neutron intensity. This level keeps
the contribution of multiple scattering low enough to not significantly affect the
final results while still allowing timely collection of sufficient scattered neutrons
for a usable spectrum. Q-insensitive measurements are less affected by multiple
scattering: since the majority of scattering events are elastic, the odds of a
neutron undergoing two inelastic collisions in succession are in most cases
negligible and the final recorded energy transfer will be the same as if the elastic
collisions had not occurred. Experiments on TOSCA at the ISIS Facility have shown

that indirect geometry instruments can tolerate up to 25 % multiple scattering
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without significant degradation of spectral quality allowing the use of larger

samples to reduce collection time.>’

2.1.2.5 General Procedure for INS Measurements:

INS data collection is relatively straightforward and similar procedures were
followed for the majority of measurements performed. Samples were loaded into
appropriately sized aluminium sample cells with indium wire gaskets to create a
cryogenic gas-tight seal. These cells present a flat plate profile in order to make
maximum use of the incident neutron beam without multiple scattering. In the
case of zeolite-based samples, or other hygroscopic materials samples, they were
first dried (see Section 2.4.2) and loading carried out in an argon glovebox (MBraun
UniLab MB-20-G, [H:0] < 1 ppm, [O2] < 1 ppm) in order to prevent re-

contamination from atmospheric water.

Once loaded, each sample cell was attached to a ‘centre stick’; this forms the
part of the INS sample environment which holds the sample in the correct position
relative to the neutron beam and ensures it does not contact the walls of the
sample chamber. Samples were quenched to 77 K by immersion in liquid nitrogen
then inserted in the INS spectrometer and cooled below 30 K using the integrated
CCR which forms part of the sample environment. The quenching procedure was
followed to reduce the duration of the sample cooling period, which otherwise
represents a substantial unproductive use of limited instrument time. Once cooled
to a suitable temperature, spectra were collected until signal:noise levels were
increased to a suitable level for analysis; the exact duration of each collection
therefore varied depending on sample size, level of hydrogen content and the

needs of the experiment.

All INS measurements were performed using instruments at the ISIS Facility. For
measurements in the low energy (50 - 1200 cm™') region the preferred instrument
was the indirect geometry spectrometer TOSCA due to its higher low energy
resolution.®-3 Typical collection times on this instrument were 1-2 hours for pure
model compounds, 3-5 hours for adsorbate-loaded zeolites and 8-10 hours for
reacted catalyst samples. For samples where data at higher energies was desirable

use was made of the direct geometry spectrometer Multi-Angle Position Sensitive
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(MAPS) using the high resolution A-chopper package selecting incident energies of
5244 and 2017 cm™', with chopper frequencies of 600 and 400 Hz respectively. The
higher of these two incident energies provides energy transfer information up to
4000 cm™', allowing observation of C-H and O-H stretching modes, while the lower
energy provides spectra from ca 200 - 2000 cm~" with less peak broadening in the
1200 - 2000 cm™ region than is achievable on TOSCA. Collection times on MAPS
were approximately 2.5 - 3 times as long as for equivalent samples on TOSCA due
to the need to collect two spectra per sample and the lower flux available on

direct geometry instruments.

A full list of the INS beam times performed as part of this thesis, together with a
listing of the samples measured in each case, is presented in Appendix 1 for
reference purposes. Digital object identifier (DOI) links to the archived raw
datasets collected in each beam time, which are publicly accessible after three
years from the completion of the relevant experiment in accordance with the ISIS

Facility’s open access policy, are provided in the same location.

2.1.3 Quasielastic Neutron Scattering:%* 8586

Quasielastic neutron scattering (QENS) may be regarded as a special case of INS
concerning inelastic scattering events with energy transfers lower than 2 meV
(16.1 cm™), down to peV levels. These energies correspond to rotational energy
levels and the translational motions of whole molecules with timescales in the
picosecond to nanosecond range. The low value and close spacing of these energy
transfers means that they do not appear as separate resolvable peaks but instead
manifest as a broadening of the peak due to elastic scattering at an energy

transfer value of zero, as shown in Figure 2-7.



Materials and Methods 79

(a)

ﬂ(C) (c) ﬂ

S(Q, )

| NG|

0.3 0.2 0.1 0.0 0.1 0.2 0.3
o (meV)

Figure 2-7: Representation of the low energy transfer region of an ideal
scattering spectrum showing neutron intensity due to elastic
scattering (a), quasielastic scattering (b) and the lowest energy
Stokes (right) and anti-Stokes (left) INS bands (c). Note that
relative peak heights are not to scale. Figure based on data in
Mitchell et al.>”

As with INS, QENS involves both coherent and incoherent scattering, each of which
probes different aspects of the system dynamics. Specifically, when implemented
on a real system, coherent QENS probes transport diffusion while incoherent QENS
measures molecular self-diffusion parameters. The properties of hydrogen mean
that incoherent scattering dominates the spectrum of zeolite-hydrocarbon
systems and therefore QENS measurements of these systems are probing the self-

diffusion of the adsorbed hydrocarbon molecules.

The self-diffusivity of a species adsorbed into a zeolite describes its motion in the
absence of a concentration gradient and when the system is at a thermal
equilibrium. It can be defined from the slope of the mean squared displacement

of its molecules by means of the Einstein relation, namely:%’

1
D, = Jim {=([r(® - r@)1)} (2.10)

where r is the displacement of the molecule. Since mean squared displacement
values are independent of particle index at equilibrium, the Ds value for one

molecule of the adsorbate should be the same as that of the average over all
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molecules provided that the timescale of the measurement is sufficiently large. A
more comprehensive description of the self-diffusion of the adsorbate molecules
is given by the self-part of the van Hove correlation function, Gs(r,t), which is the
three-dimensional probability density that a molecule will be displaced by vector
r at time t.8 At the long times and large displacements where self-motions

become diffusive this takes the form:

Gs(r,t) = (2.11)

o
exp

(47‘[Dst)% 4Dt
The four-dimensional Fourier transform of this correlation function in both space

and time corresponds to the incoherent scattering function, Sinc(Q,w).

Sinc(Q, w) = %j dt exp (—iwt) f drexp(iQ - r) Gy(r, t) (2.12)

Similarly, the total scattering function (both coherent and incoherent)
corresponds to the full van Hove correlation function. However, for hydrogen
containing systems incoherent scattering dominates to such an extent that it is a
reasonable simplification to consider only the self-diffusion behaviour. This
relationship means that Q and w are therefore the Fourier transformed variables

for r and t respectively; Q relates to reciprocal distance and w to inverse time.

Since each possible motion of an adsorbate has a characteristic correlation
function, it follows that the derived quasielastic scattering function will also be
distinctive. In the simplest case, that of diffusion according to Fick’s second law,

this takes the form:

1 D,Q?
S0 w) = 229

a7 7 (D.0D)2 (D.0%)? (2.13)

This equation gives a Lorentzian energy profile in the energy transfer dimension
and it is evident that the shape of the scattering function is Q-dependant.
Specifically, in this case the half-width at half-maximum (HWHM, I') of the

Lorentzian is related to Q2 by the linear relationship:

r(Q@ = DsQ* (2.14)
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Thus as the momentum transfer value increases, the S(Q,w) profile becomes
broader and it is possible to exploit the two-dimensional nature of neutron
scattering measurements to determine the diffusion constant by measuring the

quasielastic broadening at multiple values of Q.

While Fickian diffusion is conceptually simple, it is rarely the case for molecules
in zeolites because of the effect of the pore network constraining the diffusion. A
more common scenario is jump diffusion between low energy sites within the
pores. Multiple models to describe jump diffusion exist: the model developed by
Chudley and Elliot, originally to describe motions in semi-crystalline liquids, is
used here as a representative example.?’ It assumes the molecule undergoes a
series of jumps between low-energy sites separated by distance d with residence

time between jumps t and produces broadening with the profile:

(2.15)

reQ) = %[1 B sin(Qd)l

0d

Figure 2-8 shows how the Lorentzian broadening varies with Q* for examples of
Fickian and Chudley-Elliot jump diffusion with the same self-diffusion constant. It
can be seen that at low Q values, corresponding to long distances, the relationship
is the same in both mechanisms, but the jump mechanism deviates from Fickian

behaviour as the probed length scale approaches the size of the jump distance.
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Figure 2-8: Simulated Lorentzian line width () vs Q2 relationships for
scattering from a molecule undergoing Fickian (a) and Chudley-
Elliot jump (b) diffusion with Ds =5 x 10 m2s~'. Chudley-Elliot
jump distance is 2.5 A.
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2.1.3.1 Implementation of the QENS Technique:

Although, theoretically, the elastic scattering from a sample takes the form of a
delta function (Figure 2-7), actually observing it as such would require an ideal
instrument of infinite resolution. In practice, any real instrument will have a finite
energy resolution which will also contribute to the observed peak broadening.
Similarly, any instrument will also have a maximum energy transfer value which
it can resolve and any motions which occur faster than this limit will appear as a
flat background intensity in the final spectrum. The measured scattering function
will therefore be a convolution of the scattering due to elastic and quasielastic
contributions with the instrument resolution function, while a linear background
may or may not be present depending on the dynamics of the sample (Figure 2-9).
Since w corresponds to inverse time, it being the Fourier transformed value of t,
it follows that the resolution of a QENS instrument limits the maximum time
window of a motion which can be detected by it. Similarly, the minimum and
maximum Q values which can be measured by an instrument’s detector bank

determine the longest and shortest length scales which can be observed by it,

respectively.
T T T T T
$
(d)
$3
)
3 i
S} '
2 P
4 v
P
T
s!'_3
ll}’\'\
’ ': F ,
)

000 005 010  0.15
o (meV)

Figure 2-9: Components of a theoretical quasielastic scattering function
under realistic conditions. The instrumental resolution
function (a), quasielastic broadening (b) and background
intensity (c) combine to give the spectrum which is observed
experimentally (d). Figure based on data in Telling.8¢
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Since the $(Q,w) relationships described above refer solely to scattering from
molecules in motion, it is necessary to extract the quasielastic component of the
recorded scattering spectrum before it can be analysed to determine the type of
motion it describes. Experimentally, both the elastic scattering and instrument
resolution functions can be combined and modelled by use of a scaled spectrum
of the sample collected at low temperatures (< 10 K) where the motion in the
sample is assumed to be zero. The recorded spectrum is convoluted with a scaling
delta function to give the final resolution function because the degree of elastic
scattering within a sample changes with temperature and decreases at high values
of Q even though the resolution remains constant. Use of this technique also
means that any degree of coherent scattering from the zeolite framework is also
embodied in the resolution function and is effectively cancelled out, allowing the
use of the approximation that the quasielastic spectrum arises solely from the
uncorrelated motions of the hydrocarbon adsorbates. This allows the collected

experimental scattering function to be modelled by the equation:8¢

5(Q, w) = $7*1(Q,w) ® R(Q, w) + B(Q, w) (2.16)

where R(Q,w) is the recorded resolution function and B(Q,w) the linear
background. Fitting the experimental data at a temperature where motion is
occurring to Equation (2.16) allows the extraction of the quasielastic contribution
to the scattering, which takes the form of one or more Lorentzian functions with
each function corresponding to an individual molecular motion which is resolvable
in the collected data. These Lorentzian functions can then be analysed to
determine the type of motion they describe and to extract the corresponding

diffusion parameters, as detailed above.

2.1.3.2 The Elastic Fixed Window Scan Method:

Fitting analysis of QENS data requires high resolution spectra at multiple Q values.
While the signal:noise ratio of a spectrum can be improved by combining the
results from adjacent detectors, this can only be taken so far before the resolution
in the Q dimension becomes too low to draw reasonable conclusions. This means
that acquisition of QENS spectra suitable for this type of analysis takes

considerable time, on the order of 6-8 hours per temperature point. If a measure
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of the overall mobility of a sample over a wide range of temperatures is desired
without the need to quantify the specific motions, results can be achieved in much
shorter time frames by integrating over the full collected Q range to improve the
statistics of the integrated spectrum. Since in QENS spectra the amount of
movement in the sample determines the degree of inelastic broadening of the
elastic peak, the relative overall mobility of the sample at a given temperature
can be quantified by determining the intensity of the elastic scattering at each
temperature #(Q,T) (taken as the integrated intensity which lies within 50 % of
the instrumental resolution from w = 0) and normalising that value against the
intensity at < 10 K where it is assumed that the entire sample is immobile and all
scattering intensity is elastic.® This provides a measure of relative overall mobility
versus temperature, referred to as an elastic fixed window scan (EFWS), and
suitable data may be collected in as little as 15 minutes per temperature point,
allowing mobility data across a wide range of temperatures to be collected in a
single beam time allocation. The bulk mobility data provided by EFWS analysis is
useful for identifying phase changes and reaction points as well as for preliminary
surveys, identifying temperature ranges of interest for more detailed

investigation.

2.1.3.3 QENS Instrumentation:

QENS requires spectrometers with a combination of high energy resolution and the
ability to quantify the momentum transfer component of the scattering event and
is therefore usually performed on dedicated instruments. The low energy transfer
values of interest mean that cold neutrons from moderators at around 20-30 K,
usually liquid hydrogen, are employed. The most widely used design on pulsed
neutron sources is the inverted geometry spectrometer which uses the same
principle of energy selection through Bragg scattering as the indirect geometry
INS instruments discussed in Section 2.1.2.2 above. Due to the uncertainty in the
energy selection varying with scattering angle being proportional to (cotf Af8) the
highest energy resolution is achieved when the Bragg scattering occurs at 90°.
Since this is impossible to achieve in practice, the instrument is instead laid out
so that the detector bank is positioned below the sample position and scattered
neutrons are reflected onto it by near-backscattering reflections from the

analyser crystals (Figure 2-10). The use of a curved crystal array and parallel



Materials and Methods 85

position-sensitive detector bank allows the Q dimension of the scattering function
to be resolved. Since the Q dimension is important, sample sizes must be
restricted so that scattering from the sample is kept below 10 % of the incident
neutron intensity to prevent multiple scattering, in the same manner as described

for direct geometry INS instruments above.
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Figure 2-10: Layout of the inverted-geometry near-backscattering QENS
spectrometer IRIS located at the ISIS Neutron and Muon Source,
Oxfordshire, UK. Image reproduced from Garcia-Sakai, et al.?

Backscattering instruments vary in the lowest energy transfer events they can
detect, however, resolutions in the 10-25 peV range are typical. This means that
the slowest motions which are observable on these instruments occur on
timescales of ca 30-60 picoseconds (1peV = 1.519 x 103 ps', therefore
10 peV = 1.519 x 102 ps' = 65.8 ps). In order to observe slower motions an
alternative means of detecting the energy transfer is required. Neutron spin-echo
(NSE) spectrometers achieve this by utilising a polarised neutron beam and
determining the time of flight by measuring changes in polarisation due to
precession from the neutron spins. NSE spectrometers can resolve timescales up
to tens to hundreds of nanoseconds and generally have a wider accessible Q range
than backscattering instruments, at the cost of significantly increased

measurement times due to the loss in neutron intensity from beam polarisation.
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This technique has not been used in the work reported in this thesis, so it will not
be considered in detail beyond noting that it provides the possibility of analysing
slow movements, with upper limits in the single-microsecond range depending on
the instrument, that elude analysis by QENS experiments on backscattering

instruments.

2.1.3.4 General Procedure for QENS Measurements:

Figure 2-11: Examples of QENS sample cells: (a) standard cell; (b) single-
port gas handling cell with copper blocks for temperature
control installed; (c) top view with upper end cap removed
showing annular internal geometry and perimeter groove for
installation of indium wire gasket. Background grid is 5 mm for
scale.

QENS measurements can be performed with relatively small sample sizes for
neutron techniques due to utilising the intensity in the elastic peak; sample sizes
for loaded zeolite systems were ca 2.5 g. Zeolite samples were dried, and in the
case of liquid-loaded samples dosed ex situ (Section 2.4.2) and loaded into
aluminium sample containers. The containers used for QENS are of annular
geometry with the sample sitting in the space between two concentric hollow
aluminium cylinders (Figure 2-11(c)). This geometry means that sample thickness
remains constant as a function of scattering angle, resulting in isotropic

scattering, while making use of a greater proportion of the neutron beam area
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than would be the case for a cylindrical sample container of the same internal
volume. The cells are identically sized but have different annular spacing to
ensure that the amount of sample approximates that necessary for 10 % scattering
of the incident beam. In cases where it was intended to introduce gaseous
adsorbents to the system the top end plate was equipped with gas handling fittings
(Figure 2-11(b)). Cells were sealed with indium wire gaskets and equipped with
copper blocks for the installation of electrical cell heaters and temperature

sensors at both ends of the cell.

The loaded cells were mounted on appropriate centre sticks for measurement. In
the case of the gas handling cells, the sticks were equipped with a trace heated
gas line connecting the cell to a gas handling panel outside the instrument CCR
and equipped with containers of known volume for accurate gas dosing. Heaters
and Rh/Fe resistance-based temperature sensors were installed in the copper
blocks and wired to the instrument for temperature control. For each zeolite
tested, background spectra of the unloaded material were collected first. The
sample was inserted into the instrument CCR and cooled to < 5 K to collect a ‘base
temperature’ spectrum to serve as the instrument resolution function. The sample
was then heated to three other temperatures previously identified as being of
interest and spectra taken at these temperatures. Spectral collection time was

6-9 hours in each case.

Following completion of this background collection process, the zeolite was
loaded with the adsorbed molecule under investigation and returned to base
temperature for collection of a loaded resolution function. The sample was then
heated from base temperature to 370 K in steps of 10 or 20 K. At each temperature
the sample was allowed to equilibrate and a short (ca. 20 min collection time)
spectrum collected. When the sample reached one of the temperatures where
background collection had been performed the collection process was extended
to the same length as the background spectrum. This procedure gives an EFWS
overview of the diffusion over a wide range of temperatures while recording high
resolution data for fitting analysis at three temperature points, allowing whether
the diffusion constants follow an Arrhenius relationship to be established. In
certain cases, it was found that fitting analysis was simplified by the removal of

the contributions from the zeolite framework. In such cases this could be
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accomplished by the subtraction of the previously recorded background spectrum

at the corresponding temperature.

All QENS measurements reported here were performed on the ISIS Facility’s two
backscattering QENS spectrometers, IRIS and OSIRIS. For the purposes of this work
the two instruments are essentially identical save that IRIS has an energy
resolution of +17.5pyeV and an accessible momentum transfer range of
0.42-1.85 A", whereas OSIRIS has an energy resolution of +25.4 peV and a
Qrange of 0.18-1.8 A-1.91-92_ A full list of the QENS beam times performed as
part of this thesis, together with a listing of the samples measured in each case,
is presented in Appendix 1 for reference purposes. Links to the archived raw
datasets collected in each beam time, which are publicly accessible after three
years from the completion of the relevant experiment in accordance with the ISIS

Facility’s open access policy, are provided in the same location.
2.1.4 Neutron Diffraction:

In contrast to the spectroscopic methods considered above, neutron diffraction
derives its information from neutrons which scatter elastically without energy
transfer. It is a probe of structure, similar in many respects to X-ray
diffraction (XRD), and therefore measures coherent scattering from a sample
lattice.”® Scattering waves radiating from atomic nuclei constructively interfere

at angles determined by Bragg’s law:

nA = 2dsin 6 (2.17)

which relates to the measured scattering law S(Q) by the relationship:

0= n(%”) (2.18)

resulting in peaks occurring only at those angles which satisfy these constraints.
It should be noted that since neutron diffraction involves elastic scattering, the
scattering law does not include the energy transfer term, w. Since this project is
concerned with zeolites as they are utilised in industrial catalysis, the ZSM-5

studied is composed of small crystallites in the form of a polycrystalline powder
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with crystal dimensions of approximately 0.5 x 0.1 x 0.1 ym. We are therefore
concerned with powder diffraction measurements of the zeolite rather than single

crystal studies.

Neutron diffraction has a number of important differences when compared to
X-ray diffraction due to the same factors which distinguish INS from optical
spectroscopy.®? The point nature of the scattering means that there is no angular
dependence (form factor) of S(Q) and the relative intensity of high-0 peaks in
neutron diffraction is greater than their XRD equivalents. Scattering intensity also
varies according to the coherent scattering cross section of a given nucleus rather
than according to its atomic number, meaning that heavy atoms do not dominate
the diffraction pattern as is the case for XRD. Since the range of ccon found in most
materials at natural abundance is ca. 0-15 b, even ‘weak’ coherent scatterers
typically make detectable contributions to the scattering pattern in a way which
light elements do not in XRD patterns. This means that neutron diffraction has
potential applications in determining the location of protons within acid zeolites,
which cannot be done by XRD due to the hydrogen contributions being masked.
This method has seen some limited use in previous studies, including a
determination of the proton positions in zeolite Y by Czjzek and Jobic,?* but data

on its application to other systems like ZSM-5 is more limited.

One complication in neutron diffraction is that incoherent scattering from the
sample appears in the diffraction pattern as an elevated level of background
noise. This is particularly a problem for samples involving hydrogen due to the
high oinc of 'H, which has already been discussed at length. In many cases neutron
diffraction measurements are therefore performed on deuterated samples. This
reduces the level of noise in the results and increases the relative intensity of
coherent scattering from the hydrogen portions of the system since the ccon of 2H

is approximately three times larger than that of 'H.

2.1.4.1 Neutron Diffractometers:

Neutron powder diffractometer design varies considerably between reactor and
spallation sources. Reactor sources expose the sample to a monochromatic

neutron beam (usually generated by a crystal monochromator) and measure the
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scattering from the sample using a curved, position-sensitive detector bank which
records the complete 26 range simultaneously. The sample environment and
detector assembly can often be moved on a curved track centred on the location
of the monochromator in order to change the incident neutron wavelength by

varying the angle between the monochromator’s input and output beam lines.

In contrast, powder diffractometers at spallation sources expose the sample to
the full range of energies in the moderated neutron pulse and have discrete
detector banks located at fixed angles. At a given detector, this results in a plot
of neutron intensity vs time-of-flight; since time-of-flight is dependent on the
neutron energy, which also determines its wavelength as per Equation (2.2), this
can be converted to a plot of intensity vs d-spacing by means of Bragg’s law just
as easily as the intensity vs 20 data generated by the reactor instrument. Since
the accessible range of d-spacings is limited by the energies in the neutron pulse,
diffractometers at spallation sources have multiple detector banks at different
angles, the diffraction patterns from which can be combined to cover a larger
range of length scales. The Polaris diffractometer at the ISIS Facility is a fairly
typical example of such an instrument and the parameters of its various detector
banks are given in Table 2-2 as an example. As noted above for QENS instruments,
the energy resolution of the instrument varies with scattering angle and is highest

for (near)-backscattering detectors, corresponding to short d-spacings.

Table 2-2: Data range specifications for detector banks of the Polaris
neutron diffractometer at the ISIS Neutron and Muon Source.
Data taken from Smith, et al.?®

Detector Bank Description 20 range Ad/d resolution dmax

Bank (°) (%) (A)
1 Very Low Angle 6.7 - 14.0 2.7 >40
2 Low Angle 1 19.5 - 34.1 1.5 13.5
3 Low Angle 2 40.4 - 66.4 1.85 7.0
4 90° 75.2 - 112.9 0.51 4.1
5 Back Scattering  134.6 - 167.4 0.30 2.65

In addition to dedicated diffractometers, many indirect-geometry INS and QENS
spectrometers also include detector banks to collect neutron diffraction data

since both types of measurement may be performed simultaneously. The range of
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d-spacings measurable on these detectors tends to be quite limited since the
diffraction detectors are limited to locations where they will not interfere with
the primary purpose of the instrument, which often also precludes placement for
optimum resolution. Nevertheless, this capability can provide useful structural

data on samples used for vibrational or diffusional investigations.

2.1.4.2 Procedure for Neutron Diffraction Measurements:

As part of the structural characterisation of the ZSM-5 catalyst used in this thesis
neutron diffraction measurements were made in order to attempt to
experimentally determine the location of the acid sites within the zeolite
framework. Measurements were made of both the dry (activated) H-ZSM-5

material and a deuterated D-ZSM-5 equivalent for the reasons described above.

Two samples of H-ZSM-5 were dried according to the method in Section 2.4.2. One
of these was then deuterated by passing a saturated stream of D,0 in helium
through the sample using a sealable container and a bubbler arrangement. The
sample was heated to 573 K during the deuteration process, this temperature
having been found to be high enough to promote exchange of the Bronsted acid
sites in the zeolite with deuterium from the heavy water without being high
enough to cause significant steam de-alumination of the zeolite framework.% The
deuteration process was continued for 5 hours, followed by the sample being
sealed and cooled. The D-ZSM-5 was then dried to remove adsorbed D,0 at 523 K
under vacuum, since it was found that even the minute quantities of water present
in the 99.999 % helium available on the ISIS catalysis apparatus was sufficient to

cause significant back-exchange of the deuterated zeolite.

Following preparation, ca. 1.1 g of each zeolite was transferred to cylindrical
vanadium sample containers with indium wire gaskets designed for neutron
diffraction measurements. Vanadium is used for diffraction sample cells as it has
a negligible ocn value. These samples then had their diffraction patterns
measured on the Polaris diffractometer at the ISIS neutron source. These samples
were submitted under the ISIS ‘Xpress’ access route, designed for simple one-off

measurements which do not require a full beam time allocation. This means that
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the measurement itself was performed entirely by the Polaris instrument team,

who collected the sample and returned it together with the collected dataset.

2.1.5 Neutron Data Analysis Tools:

All the neutron instruments used in this work output data as raw neutron intensity
vs time-of-flight data for the individual detectors, which requires processing in
order to reduce it to the S(Q,w) data used for analysis. This data reduction process
also involves correction for such factors as background scattering from portions of
the instrument which reaches the detectors, non-uniform detector efficiency and
the energy profile of the incident neutron beam.>’> 8 For direct geometry and
QENS instruments, this is accomplished by normalisation of the collected data
against a calibration file created from the spectrum of a vanadium sample, used
because vanadium is effectively a purely incoherent scatterer. For diffraction
measurements a similar process is performed using a measurement of pure silicon,
whose cubic lattice parameter is known to a high degree of accuracy. These
processes were carried out for all neutron measurements reported in this thesis
using Mantid, a software package jointly developed by several neutron scattering
facilities, including ISIS, as a standardised framework for manipulating and
analysing neutron data.®” In addition to data reduction Mantid provides tools for

analysis and comparison of reduced datasets which were also used throughout.

Direct geometry INS measurements require additional processing in order to
present the S(Q,w) mitre plots and integrate data in the Q dimension. This was
carried out using MSlice, originally a standalone analysis tool which has been

integrated into Mantid from version 1.2.0 onward.?®

Background subtraction and fitting analysis of high resolution QENS spectra was
carried out using the programme Data Analysis and Visualisation Environment
(DAVE), a QENS analysis software suite developed by the NIST Centre for Neutron

Research.?

Neutron diffraction data was converted to a format compatible with standard
diffraction analysis tools using Mantid and analysed by Rietveld refinement using
GSAS-||.100
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2.2 Computational Chemistry Methods: Applications to

Zeolite-Hydrocarbon Systems:

Computational chemistry techniques can provide useful information to assist in
the interpretation of vibrational and diffusion experiments and are exceptionally
well suited to being used in combination with neutron methods. This work has
made use of both DFT-based simulations of vibrational data and molecular

dynamics simulations of hydrocarbon motion.

2.2.1 Density Functional Theory:>’

Density functional theory (DFT) is one of several approaches to applying the laws
of quantum mechanics to solve the energy of a system as a function of atomic
coordinates, referred to as electronic structure methods. All such methods are
ultimately an attempt to approximate the solution to the Schrodinger equation

for the system:

ih 0¥ (r,t)

A (1) = 2w Ot

(2.19)

differing in the assumptions they make in order to simplify the problem

sufficiently that it can be solved for multi-electron systems.

All electronic structure methods use the Born-Oppenheimer approximation, which
states that the timeframes of nuclear and electronic movements are sufficiently
different that the Schrodinger equation may be separated into equations for the
electronic and nuclear motions and that the energy of a given molecular
configuration can be calculated while assuming that the positions of the nuclei
are fixed.'”" Where DFT differs from ab initio calculation methods is that rather
than modelling the system as a series of individual atomic orbitals which are
combined to describe the electronic structure of the whole system, it instead
considers the system in terms of its electron probability density, p(r). Doing this
considerably reduces the computational difficulty of a calculation because only

the three spatial dimensions need be considered, so the complexity of the
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calculation scales according to the number of atoms at N3 as opposed to N“*7) for
ab initio methods.

DFT parameters are functionals because they are functions of the electron
density, which is itself a function of the molecular coordinates. The Hohenberg-
Kohn theorem states that there is a functional that relates the ground state energy
to the electron density.'%? However, the exact form of this functional is unknown
and DFT instead approximates it through the use of model functionals which are
fitted to the results of experimental data or higher order ab initio simulations.
These functionals may be atom-centred or calculated as plane-waves across the
entire molecule being simulated; this work has exclusively employed the atom-
centred approach. The calculations in this thesis have been performed using the
B3LYP functional, which includes corrections for electron energy exchange and
the gradient of the electron density.'93-1% This is a well-established functional and
produces accurate simulations for systems which do not involve heavy atoms at

low computational cost.'%

The other parameter which affects DFT simulations is the choice of the basis set,
which is the function used to describe the electron density around the nucleus.
For computational simplicity electron density is described in terms of Gaussian
functions, but this does not provide a perfect match to the Slater-type distribution
that quantum mechanics predicts as the actual electron density. Multiple Gaussian
terms are therefore combined into a basis function in order to bring the model
electron density more closely in line with theory. Due to their greater importance,
it is conventional to use more complex basis functions to model the valence shell
electrons. The basis set used in these calculations was the 6-311+-G* set, which
uses a combination of six Gaussians for the basis function of the core shell
electrons and models the valence electrons with a triple basis function consisting
of three, one and one Gaussian respectively. The splitting of the valence basis
function in this way allows adjustment of the spatial distribution of the valence
electron density depending on molecular environment in a way which is not
possible for single basis function models. This basis set also includes
polarization (*) functions to model orbital mixing, and bonding and dispersion (+)

functions to model charge distribution in the molecule. The choice of a Pople basis
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set of this type was made for simplicity and their well-tested nature and greater

compatibility with DFT methods than correlation-consistent type basis sets.

The DFT simulation provides the energy of a given molecular configuration. This
can then be used to generate an optimised geometry for the molecule by adjusting
the atomic coordinates until the energy converges to a minimum. The vibrational
modes of this minimum energy configuration can then be calculated. This provides
the eigenvalues (vibrational frequencies) and eigenvectors (atomic displacements)
of the vibrations; as noted in Section 2.1.2 above, this is all that is necessary to
predict the scattering intensity at a given energy transfer from Equation (2.8),
allowing creation of a simulated INS spectrum. Although computationally
straightforward, the large number of modes in molecules of any significant size
means that the process is simplified by the use of dedicated tools. Historically,
the aCLIMAX software package has been used to convert data from DFT simulations
to simulated spectra.'® This was developed at the ISIS Facility specifically to
provide simulated spectra corresponding to experimental data collected on the
TOSCA indirect geometry spectrometer. More recently this software has been
superseded by a new tool, ADbINS, which offers the advantages of ongoing
development and integration into the Mantid neutron scattering analysis
package.'%” Both programs have been used at various points in the work reported

here.

2.2.1.1 DFT Simulation Procedure:

DFT modelling for optimisation and frequency calculations of molecular structures
was carried out using the molecular simulation software suite GAUSSIAN. %8 |nitial
molecular structures were generated by hand which were then written in z-matrix
format and submitted to the software for geometry optimisation. Energy
calculations for optimisation were performed using the B3LYP functional carried
out on a 6-311-G* basis set.'03-1%4. 109 Geometry optimisation was carried out until
the energy converged to a minimum, followed by the vibrational modes of the
resulting optimised geometry being calculated using the same functional and basis
set. All geometric parameters were unrestricted and no symmetry-based shortcuts
were used in the DFT energy calculations to prevent limitation of the final

optimised geometry.
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Once optimised structures and frequency modes were calculated, they were
converted to simulated INS spectra using the aCLIMAX or AbINS simulation
packages. %6107 While the resulting simulations are generally reported to be highly
accurate, one exception is that simulations derived from single-molecule
calculations have a tendency to overestimate the intensity of contributions from
lattice modes due to lacking information on intermolecular interactions resulting
in correspondingly oversized lattice overtones which affect the spectrum across
the full energy range. To mitigate this the intensities of the predicted lattice
modes in the simulated spectra were scaled down by a factor of 0.75: this is a
standard technique for the treatment of simulations of this type and produces a

more representative spectrum in the region above 200 cm™.%7

2.2.2 Molecular Dynamics Simulations: 6463 110-111

Molecular dynamics (MD), sometimes referred to as classical molecular dynamics,
apply Newton’s laws of motion and allow simulation of much larger systems than
ab initio methods by by-passing the calculation of the electronic properties of the
system. Instead, the energies arising from the interactions of particles in the
simulation are parameterised as equations which describe how the energy of each
contribution varies as a function of atomic position. The Born-Oppenheimer
approximation is applied but in the opposite manner to electronic structure
methods, here only the motions of the nuclei are considered. The total energy of

the system simulation is given by the sum of all the contributing equations.'"

Etot = Ebond + Eangle + Edihedral + Eelec + EVdW (2-20)

The complete set of parameters which describes all interactions in the simulation
is referred to as the molecular force field. Since force-field calculations model
the system at a much simpler level than quantum mechanical calculations, they
are considerably less computationally expensive and simulation sizes involving

thousands of atoms are easily achievable.

The size of system which can be practically simulated by MD is still far too small
to provide a realistic model for diffusion at the scale of a zeolite crystal. To

provide a more representative environment, periodic boundary conditions are



Materials and Methods 97

employed. In this arrangement the simulation box is treated as being located at
the centre of an infinite array of identical boxes. Movements by any atom in the
simulation are mirrored by its counterparts in adjacent boxes. Interatomic
interaction potentials are allowed to cross the boundaries but the simulation is
given a cut-off distance beyond which interactions between atom pairs are not
calculated; the maximum value for this cut-off is always less than %2 the shortest
dimension of the simulation box, thus ensuring that an atom will interact with
only one instance of any other atom, which may lie in an adjacent box, and cannot
directly affect its equivalents in the other boxes. Atoms which leave the box are
immediately replaced by an equivalent atom with the same velocity entering on
the opposite side, conserving the number of atoms in the simulation. By these
means surface forces are eliminated and the constraints of the maximum
simulation size are largely relaxed at no additional computational expense, since
the cut-off radius means that the number of interactions which must be calculated

for each timestep are not increased relative to the non-periodic system.

The functions which constitute the force field are all simple relationships between
potential energy and atomic position. For example, a bond between two atoms a
and b may be described by a harmonic potential where the potential energy of

the bond varies with bond length rg by:

E(rap) = 5 k(rap — 10)? (2.21)

Where k is the force constant of the bond and ro the equilibrium bond length.
Similarly, the valence angle between atoms a, b and ¢ may also be described by a

harmonic potential:

E(Bape) = 5 k(Bape — 65)? (2.22)

All parameter functions will include one or more terms such as k in the above
examples which determine the value of the potential energy profile. The values
of these terms are set by fitting to experimental data or the results of quantum
mechanical simulations to give a function which accurately describes the

interaction the parameter embodies. The overall force field will include a function
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for each bonded pair of atoms, each valence angle and so on, the sum of which

gives the overall Epond, Eangle, €tc.

The bond, angle and dihedral interactions are all intramolecular potentials which
embody the interactions within individual molecules in the simulation and are
concerned with maintaining that molecule in a chemically accurate geometry,
given its structure and interactions with the surrounding environment. The van
der Waals forces and electrostatic interactions form the intermolecular non-
bonding interactions which apply between molecules, including between
adsorbate molecules and surrounding framework structures in the case of
simulations of zeolites. Van der Waals forces are typically modelled by the
Lennard-Jones potential which relates the potential energy at a given distance to

the minimum energy distance, o, and the depth of the potential energy well, e.

o 12 o 6
E(r,,) = 4¢ l(—) —(—)l (2.23)
ab Tab Tab
This potential is zero at long distances, repulsive at short distances and slightly
attractive at distances around o, accurately describing the behaviour due to

induced dipole-dipole interactions.

The potential for electrostatic interactions is more complex. The basic form is
that the electrostatic interaction between two atoms is given from their

charge, g, by the Coulomb potential:

qa9p

— (2.24)
4en€e Ty

E(rap) =
Charge values are assigned to the atoms in the simulation based on their
electronegativity, although modification and the use of partial charges may be
necessary to fit experimental observations in some systems. The problem with this
implementation is that the range of electrostatic interactions is considerably
greater than other potentials and in periodic systems such as zeolites can still be
significant even at the simulation cut-off radius. This leads to a significant jump
in the potential energy between two atoms occurring whenever they move within

the cut-off boundary of each other. This problem is addressed by use of the Ewald
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sum method, which splits the electrostatic interaction into real-space and
reciprocal-space components.'2 Long range interactions in real space are ignored
and calculated instead in reciprocal space as a series of Gaussians which can be

solved as a Fourier series across the whole simulation, avoiding cut-off effects.

At the start of a molecular dynamics simulation, the initial configuration may be
supplied from experimental data or set according to a theoretical model. The
initial velocities of the atoms in the system are randomly assigned from a Maxwell-
Boltzmann distribution based on the target temperature of the simulation and
adjusted so that the overall momentum of the system is zero. These positions and
velocities are then used to calculate the starting forces on each atom from the

force field parameters.
2.2.2.1 Velocity and Temperature Control in MD Simulations: !

Calculating the trajectory of a system in a molecular dynamics system requires
solving Newton’s equations of motion for interacting bodies. Since all atoms in the
system affect all others in ways embodied by the force field parameters, the
entire system is coupled together. Solving this interrelationship as a continuous
potential is impractical, and instead the simulation is performed using a finite
difference approach through the velocity Verlet algorithm.' The simulation is
divided into extremely short timesteps, on the order of femtoseconds. To advance
time t by timestep At, the forces on each atom (f) are calculated from the force
field, while the atomic positions (r) and velocities (v) at t are already known.
These are used to calculate the values of v at (t + Y2At) by integration of the

forces.

L At f(©)
y(t+§At) —uO) 5 = (2.25)

These updated velocities are used to calculate the atomic positions at (t+At);

r(t 4+ At) «— r(t) + Atv (t + %At) (2.26)

the new positions are used to recalculate the atomic forces;
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f(t+At) — f(0) (2.27)

and finally, the new forces are used to update the half-step velocities to their

values after the full timestep:

t+ At
u(t + At) — y(t +%At) +% % (2.28)

The velocity Verlet algorithm provides the positions and velocities, and thus the
system energies, at each timestep. However, because of the extremely short
length of At these are usually sampled for output at a much lower rate, usually

every few picoseconds, to avoid excessively large results files.

The velocity Verlet algorithm alone is capable of maintaining the correct system
conditions when the simulation is operating in the microcanonical (NVE) ensemble.
In order to operate under the canonical (NVT) ensemble it is necessary to couple
the energies in the system to an ‘external heat bath’ which modifies the velocities
at each timestep in order to push the average kinetic energy of the system toward
that corresponding to the target simulation temperature. NVT simulations in this
work use the Nosé-Hoover thermostat which operates by introducing a friction

coefficient, x, which is defined as:

dx(®) _ 2Exin(t) — 20
dt 20 tr?

(2.29)

where Exin is the system kinetic energy, tr a simulation-specified time constant for
thermal energy exchange and o is the target thermostat energy, given from the

target temperature, Text, and the total degrees of freedom in the system, f, by:

f
0 =7 kg Toxe (2.30)

x(t) is updated at ("4At) intervals and used to scale the system velocities before
and after each iteration of the velocity Verlet algorithm (Equations (2.23)
to (2.26)). The Nosé-Hoover thermostat was chosen because it avoids the ‘flying
ice cube’ problem associated with the more commonly employed Berendsen

thermostat, where the energy of high frequency fundamental vibrations can
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transfer to the translational energy of the whole molecule resulting in rigid

molecules with unrealistically high velocities. '

The initial stage in any MD simulation is an equilibration process which is continued
until the constant parameters for the ensemble under which the simulation is to
be run (number of atoms, volume and total energy for the microcanonical
ensemble, number of atoms, volume and temperature for the canonical ensemble)
reach stable values. Once this process is complete the system is allowed to evolve
and the molecular trajectories collected. Only the trajectories in this post-
equilibration ‘production’ run are representative and usable for the determination

of diffusion properties.

2.2.2.2 A Molecular Force-Field for Simulating Zeolites:

The specific characteristics of the force field model used to simulate the diffusion
of hydrocarbons in H-ZSM-5 will now be described. In order to quantify the effect
of framework acid sites on diffusion of adsorbed molecules simulations were
performed of both H-ZSM-5 and its purely siliceous analogue silicalite. Both alkene
and alkane adsorbates were simulated in order to investigate how the additional
rigidity and charge density introduced by the C=C double bond affects molecular
movement through the zeolite. The specific adsorbates chosen were propene,
propane, 1-octene and n-octane for direct comparability with model compound

experimental studies.

The zeolite framework in all simulations used the orthorhombic MFI structure with
Pnma symmetry. The simulation box was a 2 x 2 x 2 supercell with overall
dimensions of 40.18 x 39.48 x 26.28 A containing 2304 framework atoms in the
silicalite structure and 2328 atoms in the ZSM-5 due to the addition of charge-
compensating protons. Periodic boundary conditions were employed to simulate a
realistically sized zeolite environment without increasing computational expense.
Aluminium substitutions and their associated Brgnsted acid protons were included
in the ZSM5 framework at a level of three acid sites per unit cell (Si:Al 31:1) to
match the pre-steaming experimental catalyst as closely as possible without the
complication of fractional numbers of acid sites. These were distributed to

maximise acid site separation in accordance with Dempsey’s rule, which predicts
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that zeolites will exhibit ordering during synthesis to maximise Al-Al separation,

and the Bransted groups positioned to point into the pore channels.

The zeolite model in both cases used a flexible framework with potentials taken
from work by Jackson and Catlow''® and expanded on by Schréder, et al.'"” based
on fitting to the properties of a-quartz and alumina with the properties of the
hydroxyl groups modified based on ab initio simulations. These potentials are well
established and have been found to accurately describe the properties of both
zeolites and SiO; structures.''® They have also been used to accurately describe
the behaviour of adsorbed molecules within zeolite frameworks.”3 7> 118 Full ionic
charges were assigned to the framework T-atoms and non-hydroxyl oxygens while
partial charges were assigned to the atoms of the hydroxyl groups (designated Oy
and Hp) as per Schroder; these were used to generate the long-range Coulombic
interactions via the Ewald method. Rather than using bond potentials, short range
framework pair interactions were described by a Buckingham potential for the

Si-0O, Al-O and O-O0 pairs; these interactions may be modelled in the form:

E(rj) = Aexp (%") _L (2.31)

where A and C are constants and p the minimum energy distance. The Op-Hp bond
required a more complex function and was modelled by a Morse potential, which
has the capacity to describe behaviour such as dissociation. This potential
considers the depth of the potential energy minimum (Eo), frequency of the bond
vibration (w), reduced mass of atoms i and j (1) and the equilibrium bond distance

(ro) with the relationship:

E(r;) = Eq [{1 — exp (—k(rij - ro))}2 - 1] (2.32)

where

k=w |— (2.33)
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Since this value does not change during the course of the simulation, k is the
parameter supplied to the simulation engine to reduce computational overhead.
The interactions between T-atoms are regarded as having a negligible contribution
and are discounted and all pair interactions were calculated with a cut-off radius
of 10 A. A harmonic three-body potential was used to describe and accurately
constrain the geometry of the O-5i-O and O-Al-O triads; this is identical to the
harmonic valence angle potential described by Equation (2.20) above, but differs

in how it is treated; three-body potentials are considered as being partially inter-

Table 2-3: Potential parameters for intramolecular zeolite interactions. Hp
and Op represent the Breonsted acid proton and its associated
bridging oxygen respectively. Potentials taken from Jackson
and Catlow''® and Schroder, et al.'"”

Atomic Charges

Atom C(gal:g)e
Si +4.000
Al +3.000
o - 2.000
Ob - 1.426
Hb +0.426
Buckingham Potentials
Atoms A (eV) p (A) C (eV A%
0-0/0p 22764.0 0.14900 27.8800
Si-O 1283.91 0.32052 10.6616
Si-Op 983.557 0.32052 10.6616
Al-O 1460.30 0.29912 0.0
Al-Op 1142.68 0.29912 0.0
O-Hp 311.970 0.25000 0.0
Morse Potentials
Atoms Eo (eV) ro (A) k (A™)
Ob-Hb 7.0525 0.9485 2.1986

Three-Body Potentials

Atoms k (eVrad? 6o(°)
0-Si-0/0p 2.09724 109.470
0-Al-0/0p 2.09724 109.470
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molecular and therefore van der Waals interactions and other intermolecular pair
potentials between atoms linked by a three-body term are not excluded from the
overall calculation.! This is important in maintaining an accurate simulation over
large molecules such as zeolite structures. The values of the parameters for these

potentials are given in Table 2-3.

The properties of the carbons and hydrogens and the intermolecular interactions
between adsorbate molecules were parameterised using OPLS_2005, a generalised
all-atom force field for the simulation of organic molecules.!® OPLS parameters
are derived from both experimental data and quantum chemical simulations and
can predict small molecule behaviour in both gas and condensed phases across a
wide range of temperatures with good accuracy. In describing the potentials used
for this model, it is important to distinguish between the terminal and chain-
bonded sp? carbons, the sp? carbons in the alkyl chain and the hydrogen atoms
associated with each. The abbreviated nomenclature used for each type of atom

in the parameter tables is illustrated for 1-octene in Figure 2-12.

H He Ha Hy Hya Hy Hy H,
I N U N O O T D O
el e2 a a a a a a a
e LT
Ho Ha Hy Ha Hy H,

Figure 2-12: Nomenclature used for describing the atoms involved in force
field potential terms illustrated for 1-octene.

In the OPLS implementation all hydrogens bonded to sp? carbons are assigned a
charge of + 0.115 atomic units and the hydrogens bonded to sp3 carbons a charge
of + 0.060 a.u. The charges of the carbon atoms are set to neutralise the combined
charge from their bonded hydrogens to create an overall charge-neutral molecule.
All bonds and bond angles are described by harmonic potentials (Equations (2.19)
and (2.20)). The dihedral angles used triple cosine potentials to allow for

asymmetric energy profiles with respect to dihedral angle: the formula used was:

E(¢) = 3{A1(1 + cos(¢)) + A, (1 — cos(2¢)) + A3 (1 + cos(3¢))} (2.34)

A scaling factor of 0.5 was applied to the electrostatic and van der Waals

interactions between atoms 1 and 4 in any specified dihedral sets. The



Materials and Methods

105

intermolecular pair interactions for van der Waals forces between hydrocarbon

molecules are modelled as Lennard-Jones potentials (Equation (2.21)).

parameters are given in Table 2-4 and Table 2-5.

Table 2-4:

Intramolecular

potential

parameters for

interactions

adsorbed hydrocarbons as implemented in OPLS_2005.""°

Harmonic Bond Potentials

Atoms k (eV A?) ro (A)
Ce1=Ce2 47.6148 1.340
Ce2-Ca 27.4929 1.510
Ca-Ca 23.2431 1.529
Cet/e2-He 29.4876 1.080
Ca-Ha 29.4876 1.090
Harmonic Angle Potentials
Angle k (eV rad?) B0 (°)
Ce1=Ce2-Ca 6.0710 124.000
Ce2-Ca-Ca 6.0710 112.027
Ca-Ca-Ca 5.0606 112.700
Ce=Ce-He 3.0355 120.000
Ce2-Ca-Ha 3.0355 109.500
Ca-Cez-He 3.0355 117.000
Ca-Ca-Ha 3.2523 110.700
He-Ce1-He 3.0355 117.000
Ha-Ca-Ha 2.8620 107.800
Dihedral Potentials
Dihedral A (eV) Az (eV) Az (eV)
Ce1=Ce2-Ca-Ca 8.543 x 107 1.323 x 1072 -4.393 x 1072
Ce2-Ca-Ca-Ca 2.983 x 1072 8.196 x 1073 9.627 x 1073
Ca-Ca-Ca-Cy 4.652 x 1072 -6.548 x 1073 1.735 x 1072
He-Ce1=Ce2-Ca 0.0 0.6071 0.0
Ha-Ca-Ca-Case2 0.0 0.0 1.301 x 1072
He-Ce1=Ce2-He 0.0 0.6071 0.0
He-Ce2-Ca-Ha 0.0 0.0 2.871 x 1072
Ha-Ca-Ca-Ha 0.0 0.0 1.301 x 1072

in

All
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Table 2-5: Potential parameters for interactions between molecules of
adsorbed hydrocarbons in multiple-adsorbate simulations as
implemented in OPLS_2005.""?

Lennard-Jones Pair Potentials

Atoms £ (eV) o (A)
Cet7e2-Cet/e2 0.31798 3.550
Cet/e2-Ca 0.29633 3.525
Ca-Ca 2.8620 x 1073 3.500
Cet/e27Hesa 0.19978 2.931
Ca-He 0.18618 2.910
Ca-Ha 1.9296 x 1073 2.958
He-He/a 0.12552 2.450
Ha-Ha 1.3009 x 1073 2.500

Table 2-6: Intermolecular pair potentials describing hydrocarbon-
framework interactions derived from Kiselev, et al.'20

Lennard-Jones Pair Potentials

Atoms £ (eV) o (A)
0-Ce 0.80702 2.958
Ob-Ce 0.80702 2.958
0-C, 7.083 x 1073 2.923
Op-Ca 8.280 x 1073 3.150
0/0p-He/Ha 4.987 x 1073 2.557
Hp-Ce 0.37632 2.806
Hp-Ca 2.990 x 1073 2.806
Hb-He/Ha 8.510 x 10™ 1.784

The framework-adsorbate interactions were taken from the work of
Kiselev, et al.’? on deriving potential energies of interaction from atom
electronic properties as implemented for hydrocarbons in zeolites by
Vetrivel, et al.,"?' Catlow, et al.'?2 and O'Malley, et al.'?® All interactions were
modelled as Lennard-Jones potentials using the parameters in Table 2-6;
interactions involving the framework T-atoms were once again discounted as

negligible.
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2.2.2.3 MD Simulation Procedure:

All molecular dynamics simulations presented in this thesis were performed using
the DL_POLY 4 code.'?* Calculations were carried out on the University of Glasgow
high performance computing cluster (HPCC) using eight cores per simulation with
2 GB RAM per core; average processing speed was approximately 20 hrs simulation
time per nssim.'? Configuration files for the zeolite frameworks were prepared
from CIF files of the MFI structure obtained from the IZA structural database.®
These were modified with an appropriately-distributed level of aluminium
substitutions and Brensted sites using the Aten visualisation software
package, v1.8, which was also used to introduce the adsorbate molecules for
study.'® For the initial configuration, the adsorbate molecules were placed in the
centre of the zeolite pore channels equidistant throughout the zeolite supercell.
Adsorbate loadings were chosen to match experimental loadings from equivalent

QENS measurements.

The DL_FIELD toolset was used to convert the resulting .XYZ format system
configuration to the native file format for DL_POLY (.CONFIG)."2¢ DL_FIELD also
considerably simplifies the preparation of the input file used to describe the
molecular force field (.FIELD) by being able to detect relevant intramolecular
interactions in the input structure and add the relevant parameters to the output
.FIELD file. Intermolecular interaction parameters were added manually using
standard text editing tools, which were also used to create the control file which

sets the simulation parameters.

All simulations were performed in the canonical (NVT) ensemble using a Nose-
Hoover thermostat with a 1 ps thermal exchange time constant to maintain the
desired temperature for each simulation.'?” The simulation timestep was 0.5 fs
throughout. All systems were initially equilibrated for 1 ns at 270 K in order to
ensure that low-temperature simulations began from a stable distribution of the
molecules within the zeolite. They were then equilibrated for a further 1 ns at
the target temperature for the simulation followed by a production run of 5 ns,
this was chosen based on examination of the earliest simulations as being
sufficient to achieve true diffusive motion for the adsorbed molecules, as

evidenced by the mean squared displacement (MSD) of the molecules becoming
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linear with respect to time. The atomic coordinates and velocities for the system
were saved every 2000 steps (1 ps) for analysis. The resulting trajectory files were

analysed using the MDANSE software with visualisations prepared using Aten.'28
2.2.2.4 Deriving Scattering Predictions from MD Data:

The parameter measured in QENS experiments is the incoherent scattering
function or dynamic structure factor, Sinc(Q,w), which as described above can be
related to the van Hove self-correlation function, Gs(r,t) by Equation (2.11). In
the same paper where he established this relationship, van Hove also defined an
additional parameter, the self-intermediate scattering function Is(Q,t), which

relates to the dynamic structure factor by:

+oo
S (@) = 5 [ ar@ne (234)

This in turn can be related to the positions of the nuclei in a sample by the

relationship:

1 N .
IS(Q! t) = Nz bincaz(exp[_iQ ’ Ra(to)]exp[_lQ ’ Ra(to + t)]) (2.35)
(24
where binc,c and Rq are the incoherent scattering cross length and position operator
for nucleus a. The angle brackets denote a quantum thermal average over the

length of the time period considered.??

It is possible to calculate the position operator for a given nucleus over the course
of a simulation from its recorded positions in a molecular trajectory file.
Therefore, using these relationships, it is possible to calculate the theoretical
QENS scattering results that would be produced by a system which has been
simulated by molecular dynamics with the calculated energy transfer window
determined by the length of the simulation. The MDANSE package includes tools

to simplify the process of implementing this calculation. 2
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2.3 Catalyst Preparation Reactors and On-Line Analysis:

Investigations of the activity of ZSM-5 as a catalyst require the capability to
undertake reaction testing under conditions of relevance to industrial catalysis.
Two test reactor setups were utilised, a micro-scale reactor located at the UK

Catalysis Hub, Oxfordshire, and a larger scale reactor at the ISIS Facility.
2.3.1 The UK Catalysis Hub Microreactor:

This apparatus comprises a vertically oriented fixed-bed tube micro-reactor with
an internal diameter of 10 mm; catalyst masses used were approximately 0.5 g
giving a bed length of 10 mm when using ZSM-5 zeolites. A diagram of the reactor
design is shown in Figure 2-13. Gas flow control is provided by three independently
supplied mass flow controllers with a maximum flow rate of 100 cm3 min' each.
Liquid reagents are supplied by a HPLC pump (minimum flow rate 0.1 cm3 min™")
or syringe pump (minimum flow rate 0.001 cm? min‘') injecting into a silica-packed
mixing volume heated to 423 K and located immediately upstream of the reactor
tube to ensure complete vaporization of the injected liquid prior to entering the
reactor. The reactor is heated by a tube furnace mounted around the fixed bed;
a separate bypass system allows routing gas flows around the reactor if required.
All pipework downstream of the heated mixing volume and outside region heated
by the tube furnace are insulated and equipped with trace heating to maintain
them at 423 K, preventing condensation of any hydrocarbon products on the

interior of the gas lines.

In order to provide on-line analysis of the reaction products the eluent gas flow
from the reactor can be sampled by both gas chromatography (GC) and mass
spectrometry (MS). GC analysis is provided by a GC-FID (Shimadzu GC-2014 fitted
with a BP20 column of dimensions 30 m x 0.25 mm x 0.5 pm) drawing from a 150 pl
heated sample loop. MS analysis is provided by an ESS EcoCat drawing from
immediately downstream of the GC sample loop using a differentially pumped
heated capillary. All pipework between the reactor and the analysis instruments
is equipped with trace heating and maintained at 423 K to prevent condensation

of any products within the pipework. Zero percent conversion data for reactions
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can be collected by initially bypassing the reactor using the installed bypass
system.
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Figure 2-13: Layout of the UK Catalysis Hub microreactor setup.

2.3.2 The ISIS Catalyst Preparation Apparatus:

Neutron experiments require larger quantities of sample than the ca. 0.5¢g
samples which can be prepared on microreactor setups. For this reason, the ISIS
Facility’s sample preparation laboratory possesses a gas handling reaction system
designed for the testing of catalyst systems at a scale of approximately 15 g per
reaction. The layout and development of the majority of this system is described
by Warringham, et al.?® . However, since the publication of that report, the system
has been modified by the addition of a micro GC for additional analysis of the

reaction products (see below) and the addition of a HPLC pump (Teledyne, model
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M1010SNN1C) feeding into the inlet gas stream immediately upstream of the
reactor to allow the introduction of liquid reagents and a downstream catch-pot.
The reactor is in the form of a cylindrical steel sample cell equipped with gas
handling fittings which is loaded with the zeolite giving a cylindrical fixed bed
reactor with the bed having a diameter of 35 mm and a length of 45 mm. This
geometry minimises bed length effects and maximises the homogeneity of the
reacted catalyst samples. The reactor is mounted so that a tube furnace can be
raised around it to provide temperature control of the reaction and the gas flow
enters the reactor at the bottom, ensuring that any liquid reagents are vaporized

during their passage through the inlet pipework.

The rig is equipped with a catch pot located downstream of the reactor vessel
and maintained at 293 K which collects any condensable reaction products.
The composition of the remaining gas stream is analysed by a Hiden Analytical
HPR-20 mass spectrometer and an Agilent 490 micro-GC, with both instruments
drawing from the outlet of the reaction rig via differentially pumped
capillaries heated to 423 K. MS analysis was used to monitor all operations
performed on the rig; micro-GC analysis was only used in reaction testing

experiments due to its greater complexity of operation.

The micro-GC is equipped with four parallel analysis columns, as detailed in
Table 2-7, each analysed by a thermal conductivity detector with an injection
volume of 5 cm? per analysis. Testing of GC analysis methodologies showed
that five minutes is sufficient for the elution of all detectable products from
the GC columns, meaning that GC sampling takes place approximately every
7 minutes with minor variations due to the need for the instrument to
equilibrate prior to injection. During reaction tests, sampling was performed
at maximum rate for the first hour to maximise data collection during the
initial catalyst run-in period but was then interrupted for 45 minutes every 8
cycles in order to re-condition the columns at higher temperature. The
apparatus is equipped with a reactor bypass system to permit the collection of

zero percent conversion data for the on-line analysis methods.
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Table 2-7:  Analysis columns and column temperatures in the GC used for
on-line analysis of reactions in the ISIS catalyst preparation

apparatus.
Column Temperature Make-up Details
(°C) gas (Detected Product Types)
’ 50 He 5 A molecular sieve, 20 m column with backflush
(02, N2, CO, COy)
PoraPLOT Q, 10m column
2 55 He .
(CO,, water, light alkyl hydrocarbons)
3 65 He CP-Wax 52CB, 10m column
(heavy alkyl hydrocarbons, aromatics, alcohols)
5 A molecular sieve, 20 m column with backflush
4 50 N2

(He, Hy)

2.4 Zeolite Pre-Treatment Procedures:

The catalyst used for the majority of this thesis was a powder form commercial
material grade H-ZSM-5 zeolite supplied by our industrial partners, Johnson
Matthey plc. The material as it was originally supplied will be referred to as
ZSM5-AR for short. This material was not utilised as-is but was subjected to
one or more treatment procedures prior to its use in any experiments. The rest
of this section outlines these procedures and defines the abbreviations which
will be used to unambiguously refer to each treated zeolite in the remainder
of this work. These designations are summarised in Table 2-8 for easy

reference.

Appendix 2 attempts to investigate the effect of Bronsted acid groups in the
zeolite on adsorbate diffusion through the use of a non-protonated silicalite-
type MFI framework. For these investigations a second ZSM-5 material with
only nominal levels of aluminium substitution was sourced from Johnson
Matthey. This was calcined and dried in the same manner as described for
ZSM5-FR below to generate the material used experimentally, which will be
referred to as ZSM5-SIL.
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2.4.1 Calcination of As-Received Zeolite:

IR spectroscopy shows ZSM5-AR contains residual tetrapropyl ammonium
hydroxide template material from the zeolite synthesis process which must be
removed before it can be used. This was done by calcination in static air using a
muffle furnace. ZSM5-AR was loaded into ceramic boats holding ca. 10 g each,
placed in the furnace and heated to 773 K at a rate of < 5 K min' in order to allow
adsorbed water to be driven out of the zeolite matrix without causing steam de-
alumination. The zeolite was then held for 12 hours at temperature and allowed
to cool. This was sufficient to remove all template material, evidenced by a colour
change of the zeolite from pink to white and confirmed by infrared
characterisation of the calcined material. The zeolite which has undergone this
treatment is the baseline fresh catalyst for the work reported here and will be
referred to as ZSM5-FR (fresh). A full characterisation of the properties of this

material is given in Chapter 3, Section 3.1.

2.4.2 Drying Procedure for Zeolite Samples:

Zeolites are hygroscopic and will adsorb water from the atmosphere if not stored
in a moisture-free environment. To prevent this affecting the results, the ZSM-5
catalysts used were dried immediately prior to use in any experiment. A sample
of the zeolite sufficient for the experiment at hand was heated to 623 K under
flowing helium (100 cm3 min*', BOC, >99.999%) at a rate of < 5 K min"' and held
at that temperature to remove all water from the sample. The heating was
continued until either analysis of the eluent gas stream showed no remaining
water being released from the zeolite or, where such analysis was unavailable,
for 6 hours at temperature to ensure complete drying. In situations where this
was possible, the process was carried out on the instrument itself in situ prior
to commencing the experiment. Where this could not be done, zeolite batches
were dried on the ISIS catalyst preparation apparatus and the dried zeolite
sealed inside its reactor and transferred to an argon glovebox (MBraun UniLab
MB-20-G, [H20] < 1 ppm, [02] < 1 ppm) for storage until required. Samples

were loaded into the relevant experimental apparatus inside the glovebox,
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sealed where apparatus design made this practical and used immediately on

removal from the glovebox.

2.4.3 Steaming Procedure for Partial De-Alumination:

Steam treatment of the fresh catalyst to generate the artificially aged material
used in Chapter 5 was carried out by two methods. Method #1 was performed using
the ISIS catalyst preparation rig (Section 2.3.2). 15 g batches of ZSM5-FR were
loaded into an Inconel reaction vessel equipped with gas-handling fittings and
mounted on the rig. The reactor was heated to 873 K under flowing helium
(100 cm3 min*', BOC, >99.999%) at a rate of < 5 K min-'. Once at temperature,
steaming was initiated by the introduction of 1 g/gct/hr of deionised water
into the inlet gas stream using the rig HPLC pump. Steam treatment was
carried out for 48 hours, with these conditions being chosen to generate a
de-aluminated end product with similar properties to steady-state industrial
cracking catalysts.33 % Following water shut-off, the temperature of the
reactor was reduced to 623 K and helium flow maintained for a further 6 hours
to remove all adsorbed water from the sample. The reactor was then sealed
using the integrated fittings, cooled to room temperature and transferred to
an argon glovebox to permit preparation of the experimental samples without
contamination from atmospheric water. This material will be referred to as
ZSM5-ST(873K).

In order to prepare larger quantities an alternative method was employed, with
the ZSM5-FR held in a static atmosphere of steam-saturated helium at 1073 K for
12 hours. Material prepared by this method is designated ZSM5-ST(1073K).
Preparation of ZSM5-ST(1073K) was performed by Dr lain Hitchcock at the Johnson
Matthey Technology Centre, Sonning Common, UK and the resulting material
transferred to the UK Catalysis Hub by courier. Due to this, the resulting material
had adsorbed water and required drying before use in the same manner as
ZSM5-FR.



Materials and Methods 115

Despite their different preparation methods, ZSM5-ST(873K) and ZSM5-ST(1073K)
were found to have essentially similar final properties. For details the reader is

referred to Section 5.1.1, below.

Table 2-8: Short designations used to refer to treated zeolite materials
used in this thesis.

Designation Description
ZSM5-AR Untreated zeolite as received from Johnson Matthey
ZSM5-FR ‘Fresh’ zeolite calcined to remove synthesis template.

ZSM5-FR following partial de-alumination by steam

ZSM5-ST(873K) ¢ eatment at ISIS.

ZSM5-FR following partial de-alumination by steam

Z5M5-3T(1073K) treatment at JMTC Sonning Common.

Vary low aluminium ‘silicalite’ material used for non-

Z5M5-5IL protonated MFI studies in Appendix 2.

2.5 Zeolite Characterisation Methods:

Characterisation measurements of the zeolite forms used were carried out in order
to establish their structural and chemical properties and how they are affected by
the various treatment processes used to prepare the different materials in
Table 2-8. This section details the methods and equipment used in these

measurements.

2.5.1 Nuclear Magnetic Resonance Spectroscopy:

Solid state nuclear magnetic resonance (SSNMR) experiments are widely used to
study the framework structure of zeolites because both Al NMR (100 %
abundance) and 2°Si (4.67 % abundance) are NMR-active. Aluminium NMR was used
to assess the level of aluminium substitution, and thus the number of acid sites,
in zeolite samples: spectra were acquired at a static magnetic field strength of
9.4 T (vo("H) = 400 MHz) on a Bruker Avance lll console using TopSpin 3.5 software.
A wide bore Bruker 4 mm MAS probe was used, tuned to 104.27 MHz and
referenced to yttrium aluminium garnet at 0.0 ppm. The zeolites were left in a

humid environment overnight to hydrate any extra-framework aluminium species,
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which results in less distorted aluminium coordination environments and reduces
the level of quadrupolar peak broadening in the final spectrum.'? The samples
were packed into zirconia MAS rotors with Kel-F caps, with before and after weight
measurements providing the sample mass for normalisation. The rotors were spun
at 14 kHz using room-temperature purified compressed air. Nutation tip angle was
22.5°. Relaxation times were 0.1 s. 8192 scans were acquired using a one pulse
acquisition program. These measurements were carried out at the Johnson
Matthey Technology Centre, Sonning Common, UK in collaboration with Dr Nathan

Barrow.

2.5.2 Gas Adsorption Isotherm Analysis:

Surface area analysis was performed using a Quantachrome Quadrasorb EVO/SI gas
adsorption instrument. 0.15 g samples of the materials for analysis were degassed
to < 2.67 x 102 mbar (20 mTorr) at 523 K and gas adsorption and desorption
isotherms were collected across a relative pressure (P/Po) range from 5x104- 0.99
using liquid nitrogen as the coolant and N2 as the adsorbent gas. Isotherm analysis
was carried out using the method of Brunauer, Emmett and Teller (BET) using the
software supplied with the instrument.® Sample microporosity levels were

estimated using the t-plot method of de Boer."3

2.5.3 X-ray Diffraction Analysis:

X-ray diffraction (XRD) analysis was performed at the ISIS Materials
Characterisation Laboratory to investigate structural effects on zeolite
frameworks. The instrument was a Rigaku Smartlab diffractometer with a 9 kW
source using a Cu Ka anode with Ge (220) monochromation giving wavelength of
1.5406 A. Scans were performed from 5° < 26 < 50° at 0.1°/min with sample

rotation (6 rpm).

2.5.4 X-Ray Fluorescence Analysis:

The elemental composition of zeolite samples was investigated by X-ray

fluorescence (XRF) analysis on a PANalytical Epsilon3 XL energy-dispersive XRF
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spectrometer. Samples mere measured as powders using thin film sample pots to
allow the beam access to the zeolite material. The resulting fluorescence spectra
were fitted to reference spectra of SiO2, Al,03 and various potential contaminants

in order to extract the relative proportions of each elemental component.

2.5.5 Ammonia Temperature-Programmed Desorption:

In order to accurately determine the level of acidity in zeolite samples and how
that changes under various treatment conditions it is necessary to be able to
quantify the acid site population of zeolite samples. This was achieved by means
of ammonia temperature-programmed desorption (TPD), using the experimental
methodology described by Niwa and Katada.'3? TPD experiments were carried out
using a Quantachrome ChemBET Pulsar instrument equipped with a thermal
conductivity detector. Samples were dried at 623 K under flowing helium (15 ml
min~') then cooled to 373 K and saturated with ammonia by passing 10 % NH3 in
He (15 ml min~") through the sample for 15 minutes. The sample was returned to
helium flow and purged for 2 hours at the same temperature; these conditions are
reported to remove any physisorbed ammonia from the zeolite pore network
leaving only molecules chemisorbed to Lewis silanol or Brgnsted acid sites. 132133
Desorption was then carried out from 373-973 K with a heating rate of 5 K min™’
and a 30 minute hold at the highest temperature to ensure full removal of all
ammonia. The response of the TCD was normalized against that of ammonia
injections of known quantity to enable the determination of the volume of

chemisorbed ammonia in each sample.

2.6 Ex-situ Reaction Analysis — Methods and Apparatus:

In addition to the on-line monitoring performed during the reaction itself the
products and reacted catalysts from reaction testing experiments were subjected
to additional ex situ investigations to provide more information on the reaction

mechanisms.
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2.6.1 Optical Spectroscopy Methods:

Optical spectroscopic methods were employed as a supplement to the use of
neutron vibrational spectroscopy as required. Infrared measurements were used
for preliminary testing of samples or reaction methods prior to commitment of
neutron instrument time, for operando tests that would be impractical for
neutrons due to temperature or collection time limitations and to collect high-
energy vibrational data in cases where beam time on direct geometry INS
instruments was unavailable. Ultraviolet-visible (UV-vis) spectroscopy was used to

assist in the identification of large aromatic products.

Infrared spectra of solid materials were collected by diffuse-reflectance infrared
Fourier transform spectroscopy (DRIFTS) using an Agilent Carey 680 FTIR
spectrometer equipped with a Harrick praying mantis beam accessory and heated
sample cell with gas flow capability. The flow gas used for cell purging and
transport of other reagents was dry N, from a liquid nitrogen boil-off source due
to the use of bottled gas supplies being found to lead to water contamination of
zeolite samples for extended analysis times. Spectra were collected from 4000-
700 cm™' using a liquid nitrogen cooled MCT detector with a resolution of 4 cm™

and averaged over 64 scans per spectrum.

Liquid samples, such as catch-pot contents from reaction testing and pure
compounds, were analysed using attenuated total reflectance infrared
spectroscopy on a Nicolet iS10 instrument equipped with a Smart iTX diamond
crystal ATR accessory and a room temperature deuterated triglycine sulphate
detector. Spectra were collected from 4000-650 cm™" at a resolution of 1 cm~' and

averaged over 64 scans per spectrum.

UV-vis spectroscopy of liquid product mixtures was carried out on Shimadzu
UV-1800 spectrophotometer across a wavelength range of 1100-190 nm with a
resolution of 1 nm. Two spectra were collected per sample following dilution to

0.1 %v and 0.01 %v in cyclohexane.
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2.6.2 GCMS Analysis:

Gas chromatography mass spectrometry (GCMS) was used to analyse the
composition of the liquid-phase products of the reactions of propene and octene
over H-ZSM-5. The instrument used was an Agilent 7890A gas chromatograph
equipped with a series 5975 mass-selective detector. Component separation was
achieved using a 60 m DB-1MS nonpolar capillary column which achieved good
separation of all product peaks. These measurements were carried out in

collaboration with Ms. Andrea Zachariou of the University of Glasgow.

2.6.3 Temperature Programmed Oxidation:

The level of hydrocarbon coke on reacted samples was assessed by
thermogravimetric analysis (TGA) performed using a TA Instruments TGA Q50.
Samples were first dried at 373 K in an inert atmosphere of 100 % N; to remove
adsorbed water due to the inability to load samples in a glovebox environment:
experiments using DRIFTS analysis proved that this does not significantly alter the
composition of the hydrocarbon species. The samples were then heated from
373 -1000 K in a 10 % Oz gas stream to oxidise the coke species. The variation of
the sample mass with temperature was recorded and used to derive the

decomposition temperature of the coke.
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Chapter 3. Characterisation of H-ZSM-5 and Model
Compounds

Before starting to consider the reaction and diffusion properties of hydrocarbons
in ZSM-5 it is important to have a comprehensive understanding of the properties
of the initial system. This chapter therefore presents the results of a wide-
ranging characterisation of our ZSM-5 catalyst after it has undergone the
calcination and drying procedures to prepare it for use, generating the material
designated ZSM5-FR. The structure, spectroscopic data and acidity of the zeolite
are all determined by a variety of techniques. The INS spectra of our model
hydrocarbon species is also considered insofar as these differ from the infrared
or Raman data which is widely available in the literature. Aspects of this work

were undertaken in collaboration with Andrea Zachariou.
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3.1 Properties of H-ZSM-5:

As noted in Chapter 2, the zeolite catalyst used throughout this project is a
powder form commercial material grade H-ZSM-5 zeolite. This was supplied in
bulk quantities by our industrial partners, Johnson Matthey plc., to simplify
the process of acquiring consistent zeolite catalyst in the quantities required
for neutron analysis. This also has the useful property of bringing us closer to
the type of industrially produced zeolite catalyst which is used commercially,
although this material (ZSM5-AR) does differ in being in powder form;
industrial catalysts are usually pelletized for easier handling and therefore
incorporate binder materials and stabilising agents in addition to the zeolite
itself.

The catalyst as-supplied included residual synthesis template and required
calcination according to the procedure in Section 2.4.1 in order to produce
ZSM5-FR, the ‘fresh’ zeolite which forms the initial-state catalyst for our
investigations. Since we did not synthesise this material ourselves it is
important to fully characterise it in order to gain a complete understanding of
its physical and chemical properties as they are relevant to catalysis. These
measurements also allowed us to establish that the material supplied was

consistent in its properties across the entire volume of material supplied.

3.1.1 Structure and Framework Properties:

The first and most essential test is to establish that ZSM5-FR possesses the correct
framework type with high crystallinity and is therefore not contaminated by
inclusions of other zeolite frameworks or amorphous silica, both of which will
significantly degrade the catalyst selectivity. Powder X-ray diffraction (PXRD)
analysis is capable of determining the overall arrangement of the zeolite
framework by scattering from the Al and Si atoms in the zeolite: it is incapable of
resolving the position of the acid sites due to their negligible electron density, but
this may be left as a problem for later consideration at this stage. A PXRD pattern
of ZSM5-FR was collected by the procedure in Section 2.5.3 and is reproduced in

Figure 3-1. It is compared with theoretical diffraction patterns for a template-
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free H-ZSM-5 framework and H-mordenite, a zeolite with a different structure
type which is often found as a contaminant in ZSM-5 samples prepared with poor
control of synthesis conditions. '3 The theoretical patterns were sourced from the

International Zeolite Association’s online structural database.?®
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Figure 3-1: XRD pattern recorded for ZSM5-FR (a) compared with
theoretical patterns calculated for calcined ZSM-5 (b), and
H-mordenite (c). A =1.5406 A. Patterns offset in y-axis for
clarity. Peaks marked with (1) indicate the presence of a low
level of contamination in the ZSM5-FR sample.

It can be seen that ZSM5-FR closely matches the expected pattern for the desired
MFI structure and definitely does not include mordenite inclusions. A minor degree
of peak broadening indicates that the structure is not a perfect MFI crystal but
includes a very low level of amorphous material. This is attributed to the presence
of minor quantities of aluminium compounds present outside the zeolite
framework. The nature and source of these extra-framework aluminium species is
considered in greater detail in Sections 3.1.2.3 and 3.1.2.4 below. The
strengthening of certain peaks which are highlighted in Figure 3-1 (1) is suggestive
of a degree of contamination, which does not correspond to H-mordenite. The use
of a rotating stage during measurement eliminates the possibility of preferred

orientation effects. The identity of this contaminant is unknown, but levels are low.
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3.1.1.1 Determining Crystallite Size:

Figure 3-2: SEM images of ZSM5-FR collected at 5000x (i), 12,000x (ii) and
75,000x (iii) magnification.

The crystallite size is important to the catalytic activity of the zeolite because of
how it affects the internal volume available for diffusion and the relative
proportions of interior and surface acid sites. Zeolite crystals are usually large
enough that attempting to size them by Scherrer analysis of the peak broadening
in X-ray data does not produce useful results and crystallite sizing is therefore
usually done by examination of the material using scanning electron
microscopy (SEM).'3> A sample of ZSM5-FR was examined by SEM on a Zeiss SEM300
in collaboration with Professor Russell Howe of the University of Aberdeen;
Figure 3-2 presents a representative sample of the images produced. Analysis of
the structures in these images revealed that crystal sizes were in the 0.2 - 1.0 ym
range with typical crystallite dimensions being 0.5 x 0.1 x 0.1 ym. It can also be
seen that the individual crystallites have a tendency to stick together into larger
agglomerations; in order to prevent this having an effect on the reaction data all
zeolite samples were crushed and sieved prior to drying to ensure consistent

particle sizes in the 200 - 500 ym range.
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3.1.1.2 Measuring the Accessible Pore Area:

The pore area of a zeolite sample provides a relative measure of the degree of
microporosity within the zeolite, and therefore allows quantification of effects
such as pore blockage in reacted samples and the relative quantity of different
pore sizes within the sample. It is assessed by gas adsorption experiments,
measuring how the quantity of gas adsorbed in a sample varies with relative
pressure (P/Po) at the triple point of the adsorbate to produce an isotherm plot.
The shape of this plot may then be analysed to determine the gas adsorption
behaviour, which relates to the surface area available for adsorption. The most
widely used method is that of Brunauer, Emmett and Teller (BET theory), which
uses a number of assumptions to extend the Langmuir adsorption model of ideal
gas behaviour at isothermal conditions to multilayer systems.'3° Under this model
the weight of gas adsorbed at a given relative pressure, W, can be related to the
weight of a single monolayer adsorbed on the entire sample surface, Wm, by the

equation:

1 1 C—l(P)

W(P/Pol = 1)  WiC | WpC \Py 3.1

The term C is the BET constant which is derived from the adsorption energies of

the first (E1) and subsequent (E.) gas layers.

o EL) (3.2)

C=ex”< RT

At sufficiently low relative pressures a plot of the left hand term in Equation (3.1)
vs P/Py is linear, allowing Wp, to be calculated from the slope and intercept of this
plot. Wm may then be easily converted to the surface area of the monolayer using
the cross-sectional area and molar mass of the adsorbate and this is assumed to

be the same as the surface area of the sample.

Zeolites are microporous materials; therefore it is useful to know what proportion
of the overall surface area is found within the micropore channels and from that
to derive the micropore volume. This is done by statistical thickness or t-plot

methods, of which we use that developed by de Boer."'3! This plots the volume of
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adsorbed gas against the statistical thickness of the adsorbed film, t, calculated

from the inverse relative pressure by the de Boer equation:

0 13.99 .l
t(A) = Iioste7p) 70,034 (3:3)

The slope of this plot provides the total surface area of all pores, S:. In non-
microporous samples this is the same as the BET surface area; microporous
samples will have a t-plot with a positive intercept, representing the external

surface area not accounted for in the statistical thickness measurement.
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Figure 3-3: Adsorption (a) and desorption (b) isotherms for nitrogen on
ZSM5-FR showing hysteresis due to sample microporosity.

ZSM5-FR was analysed to produce the isotherm shown in Figure 3-3 by the method
in Section 2.5.2. The measurement was repeated three times to allow estimation
of the degree of accuracy in the measurement. The hysteresis visible between the
adsorption and desorption isotherms is due to condensation of the nitrogen in
mesopore-sized gaps between the zeolite crystals, evidenced by the lack of a
sharp onset in the hysteresis region and its location at high relative pressures. The
formation of multiple layers and subsequent condensation is also responsible for
the fact that the isotherm does not attain a plateau value at high relative

pressures.’3¢ BET analysis of this isotherm shows ZSM5-FR to have a total surface
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area of 370 + 11 m?g"' as an average and standard deviation based on three
measurements. It should be noted that the adsorbate gas used was nitrogen which
has a cross-sectional area of 16.2 AZ; this is close to the cross-sectional areas of
the zeolite channels which are 23.3 A2 for the straight channels and 18.0 A? for
the sinusoidal channels. This therefore means that these values represent a
‘nitrogen-accessible’ surface area and micropore volume which can be used for
relative comparisons between samples but which is lower than the true properties

of the zeolite.
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Figure 3-4: Statistical thickness plot for the adsorption isotherm of nitrogen
in ZSM5-FR (a) showing the linear fits used to derive the
micropore (b) and mesopore (c) volumes according to the
method of de Boer.'3°

The t-plot (Figure 3-4) shows an inflection in the curve located at a statistical
thickness value of ca. 4.5 A, which indicates the presence of two types of pore
sizes. The data points located below this value correspond to adsorption in the
micropores: t-plot analysis cannot be used below a statistical thickness of 3.5 A
due to the size of the nitrogen molecule, but the linear trend of the data available
suggests a micropore surface area of 248 +9 m?g!' with a volume of
0.101 + 0.003 cm3g'. The points above this value but below the region of
hysteresis in Figure 3-3 correspond to adsorption in mesopores of 9 - 10 A in

diameter, formed by defects in the MFI structure. These have a surface area of
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72 + 2 m?g" and a volume of 0.032 + 0.001 cm3g™'. The remaining surface area in
the total BET measurement, amounting to 50 m2g’', is the external surface area,
which comprises both adsorption on the exterior surface of the crystals and
condensation in the intercrystalline voids. These properties closely match those

reported for commercially produced ZSM-5 zeolites in the literature.'3”

3.1.1.3 The Vibrational Spectrum of ZSM5-FR:

Absorbance
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Figure 3-5: Infrared spectrum of ZSM5-FR after drying at 623 K recorded by
DRIFTS at that temperature.

Figure 3-5 presents the infrared spectrum of ZSM5-FR, which was recorded by
DRIFTS using the procedure in Section 2.6.1. The spectrum is dominated by the
Si-0 and Al-O framework stretch modes below 2000 cm™' which are not associated
directly with the active sites. However, it does provide good information on the
O-H stretch modes located above 3500 cm'. The strongest of these is at 3595 cm™
and is assigned to Bregnsted acid groups within the zeolite. The weaker separate
peak at 3736 cm™ is due to the silanol Si-O-H groups which terminate the zeolite
framework at its exterior surfaces. The peak between these two modes at
3650 cm™' is due to the presence of extra-framework aluminium species which are

considered in more detail in Section 3.1.2.3 below.
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The corresponding spectra as measured by INS is given in Figure 3-6 for data
recorded on MAPS and Figure 3-7 for TOSCA. The low intensity of the zeolite
spectra due to the low scattering cross sections of the framework atoms are
immediately apparent. The lowest energy feature in both spectra is the edge of
the elastic scattering peak, which will always be the largest feature in an INS
spectrum since elastic scattering events are the most common outcome of a
neutron-nucleus collision. The peak is very narrow in the TOSCA spectrum due to
the instrument’s higher resolution, but extends as high as 1000 cm™ in the MAPS
spectrum and therefore overlaps with the lower energy modes. Fortunately, it’s
nature as a broad Gaussian peak means that it is easy to discount its contributions
and the low energy modes remain visible. Other than this feature, the zeolite INS
spectra are essentially flat, meaning that any modes from adsorbed hydrocarbons
will be clearly visible in the spectra of loaded systems. It can also be seen from
these graphs how TOSCA provides considerably higher energy resolution at low
wavenumbers but that this advantage becomes less significant as the energy
transfer increases due to the linkage between energy and momentum transfer in
indirect geometry instruments, as described in Section 2.1.2.2, hence the need

for MAPS to provide information on the spectrum above 2000 cm™'.
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Figure 3-6: INS spectrum of ZSM5-FR recorded at T < 30 K on the MAPS
spectrometer at incident energies of 2017 cm™' (left) and
5244 cm™ (right) and integrated over the momentum transfer
range 0 < Q < 10 A'. Insets show x 10 expansions of selected
regions to make the O-H modes more apparent.
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Figure 3-7: INS spectrum of ZSM5-FR recorded at T < 30 K on the TOSCA
spectrometer.

Although weak due to their low population several O-H modes can still be
distinguished from the baseline in the INS data. The modes at 50 and 300 cm™ are
associated with the aluminium sample environment and are only significant
because the sample in this case is almost as transparent to neutrons as the
container. Modes at 445, 800, 1100 and 1190 cm™! are all due to O-H deformations.
The O-H stretching modes are also observed by MAPS, although the resolution is
insufficient to distinguish the different O-H groups as can be done by infrared
analysis. It is also notable that the vO-H peak appears to be centred around
3625 cm™' rather than the 3595 cm™ value recorded in Figure 3-5, a difference
which may be explained by the relatively broad nature of the INS peak. This
discrepancy between infrared and INS measurements is observed for all ZSM-5
samples we have investigated and also applies to measurements made on TOSCA,
insofar as the poor resolution of TOSCA at these high w values allows
determination of the peak centre with any precision. It is not, however, observed
for other zeolites or siliconaluminophosphates we have tested by INS. The source
of this discrepancy is presently unknown and is the subject of ongoing
investigations, however, it is considered to be mainly a curiosity and not to

meaningfully affect the results of our experiments.
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3.1.2 Measuring the Brgnsted Site Population in ZSM5-FR:

After the framework structure, the number and distribution of acid sites within
the zeolite is the most important factor affecting its catalytic activity. It is
especially important to determine the acid properties of ZSM5-FR because of the
fact that catalytic use results in these parameters changing due to steam de-
alumination, something which will be the subject of further study in Chapters 5
and 6. While the catalyst as-supplied has a target acidity level of 3 acid sites per
unit cell, as set by the ratio of precursors during synthesis (see Section 3.2.1.1),
this is only an approximate value for the final state of the zeolite framework. A
number of measurements have therefore been performed to gain the most
complete possible overview of the acid site levels in the zeolite. The related
question of how these acid sites are distributed is more complex and is considered

in Section 3.1.3 below.
3.1.2.1 Elemental Composition Analysis:

The simplest way to measure the acidity of a zeolite is by determining the level
of aluminium substitution within the framework. ZSM-5 has the molecular formula
Hn[AlnSi(96-n)0192];'? since every Bragnsted site is associated with, and adjacent to,
an aluminium atom, the aluminium content should correspond directly with the
level of acidity. This is also the method used to set the target level of acidity
during zeolite synthesis by controlling the level of silica and alumina precursors.
This extends far enough that it is common to express the acidity of a zeolite in

terms of its Si:Al ratio rather than the number of acid sites per unit cell.

X-ray fluorescence (XRF) analysis allows the easy determination of the relative
quantities of elements within a sample. Analysis of ZSM5-FR (procedure as per
Section 2.5.4) indicates its composition to be 95.10 wt% SiO2 and 4.85 wt% Al20s;
this gives a weight ratio of 19.6:1, a molar SiO2:Al,03 ratio of 33.3:1
(M(Si02) = 60.08 g mol', M(AL,03) = 101.96 g mol'") and a final molar Si:Al ratio of
16.6:1. Since a single ZSM-5 unit cell contains 96 T-atoms, this equates to the
zeolite possessing 5.45 Brensted acid sites per unit cell (for n Al
substitutions/Brensted acid sites the Si:Al ratio= Si/Al = [96 — n]/n and therefore
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n = 96/[ratio + 1]). Therefore XRF analysis predicts a significantly higher level of

framework acidity than the zeolite was believed to possess.

3.1.2.2 Measurement by Ammonia Desorption:

An alternative means for quantifying acidity is to measure it directly by
determining the amount of a base which can be chemisorbed onto the acid sites.
Ammonia is a commonly used probe molecule for these experiments because as a
small gas it is capable of accessing the majority of acid site locations, something
which is not the case for larger bases such as pyridine.'3® Care must be taken when
using ammonia, since it is also capable of binding to the zeolite by physisorption
onto the framework, in addition to those molecules which chemisorb at active
sites. To counteract this, we implement the method suggested by Niwa and
Katada, which uses extended purging at 373 K to remove the majority of the
physisorbed ammonia prior to starting data collection.'32 Full experimental details

are provided in Section 2.5.5.

Figure 3-8 presents the rate of ammonia desorbed from a sample of ZSM5-FR as a
function of temperature. Two desorption peaks are observed, indicating the
presence of at least two environments for ammonia chemisorption within the
zeolite. The lower temperature population of adsorbed ammonia is assigned to
chemisorption at silanol sites, potentially with additional contributions from
adsorption on extra-framework species or residual physisorbed ammonia. Of more
immediate interest is the population which is desorbed at temperatures greater
than 650 K, which represents binding to the Bransted sites.'32 38 Comparison of
the integrated intensity of this desorption peak with peaks recorded for ammonia
injections of known volume and averaging over multiple experiments, allows the
determination that ZSM5-FR contains 381 + 19 pymol of Brensted-bonded ammonia
per gram of zeolite as an average and standard deviation of 3 measurements. Since
the sample mass is for dried zeolite, this may be converted to the number of acid
sites per unit cell, n, by choosing an estimated value for n, using that to generate
an estimated molar mass from the formula of a single unit cell, Hn[Si(96-n)AlnO192],
and from there calculating the estimated number of moles of zeolite in the
sample. Normalising the TPD measurement against this value gives the number of

moles of ammonia per mole of zeolite, and thus a new value for n. This process



Characterisation of H-ZSM-5 and Model Compounds 133

then can be repeated until n converges to the correct value. Since the Al and H
atoms constitute a relatively low percentage of the overall molar mass this process
only requires a few iterations for convergence to occur. In this case this gives a
final value of 2.31 + 0.12 acid sites per ZSM-5 unit cell and a molar Si:Al ratio of
40.6:1. This is a dramatically lower level of acidity than that derived from the XRF
composition analysis, and it is therefore necessary to perform further

measurements to resolve this discrepancy.
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Figure 3-8: Weight-normalised ammonia desorption vs temperature trace
for ZSM5-FR Peaks represent the desorption of ammonia
molecules chemisorbed to silanol groups from 400-600 K and
those bound to Bransted acid sites from 650-900 K. 32

3.1.2.3 Measurement by NMR Methods:

Solid-state NMR measurements are widely used for studying zeolites and have the
advantages of being able to distinguish framework from extra-framework species,
unlike XRF, and of being unaffected by diffusion concerns blocking access to the
Brensted sites, unlike ammonia adsorption. 2°Si NMR is capable of resolving the
signals of Si T-atoms surrounded exclusively by other silicon sites, those bonded
to a Si-O-Al bridge and those bonded to silanol groups; these have chemical shifts
relative to tetramethylsilane of ca. -113, -107 and -103 ppm respectively.'3® The

29Si NMR spectrum of a sample of ZSM5-FR and the results of a peak fitting to
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extract the individual peak areas is shown in Figure 3-9. NMR data collection was
carried out by Professor Russell Howe of the University of Aberdeen, while data
fitting and analysis has been performed in-house. The data was fit to a
combination of three Lorentzians, one for each Si environment, with the peak
centres allowed to move freely; all peaks converged to locations closely matching
their literature values. Peak widths were constrained to be the same for all three
environments, since it was found that allowing these parameters to float freely
led to consistent, large overestimations of the silanol site population. Table 3-1

reports the final fit parameters.
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Figure 3-9: 2°Si NMR spectrum of ZSM5-FR (a) and fit result (b) for
deconvolution into contributions from nuclei in a purely
siliceous environment (c), nuclei adjacent to an aluminium
substitution (d) and nuclei bonded to a silanol group (e).

Table 3-1: Lorentzian peak parameters for fitting of peaks (c) - (e) in
Figure 3-9.

Environment r Centre Area

(ppm)  (ppm)
Si(0Si)4 2.376  -113.3 523.8+1.7
Si(0Si)3(OAl)  2.376 -106.6 100.6 + 1.7
Si(0Si)3(OH) 2.376 -103.0 7.4:1.6
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Because each Al substitution results in four Si nuclei in the Si(0Si)3(OAl)
environment the Si:Al ratio in the sample is found by dividing the total area of all
peaks by % the area of the Si(0Si)3(OAl) peak, giving a ratio of 25.5:1 and an acid
population of 3.68 + 0.06 sites per unit cell, intermediate between the results
found by XRF and TPD analysis.

Intensity (Arb. Units)

100 75 50 25 0 -25 -50
Chemical Shift (ppm)

Figure 3-10: 2’Al NMR spectrum of ZSM5-FR.

Z7Al NMR is also widely used in the study of zeolites. In the absence of a suitable
calibration curve to relate the peak intensity in each environment to the number
of aluminium nuclei present it cannot be used to quantify the number of acid sites
as the 2Si results were, however, it does provide additional insight into the state
of the aluminium ions within the sample, which helps explain the results observed.
The ZAl NMR spectrum of ZSM5-FR is shown in Figure 3-10; the peak at 53.4 ppm
corresponds to the 4-coordinated AlO4 species which constitute the framework
aluminium sites, however it is apparent that there is also an additional aluminium
environment within the sample represented by the peak at -1.2 ppm. This peak is
due to the presence of octahedral aluminium nuclei of the type which are found
in species such as alumina.33 0 These extra-framework aluminium (EFAl) species
have two possible sources; they may be residual, unused aluminium precursor left
over from the zeolite synthesis or, more likely, may indicate that despite the

efforts taken to prevent it, the calcination process used to generate ZSM5-FR from
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ZSM5-AR has resulted in a small degree of framework de-alumination. This de-
alumination would also result in the mesoporosity detected in the analysis of the
zeolite pore volumes in Section 3.1.1.2 above. Both potential sources involve

octahedral alumina species of the type detected here.

These results mean that ZSM5-FR contains additional aluminium which is not
associated with the zeolite framework: while this will not affect the acidity levels
obtained by TPD or NMR analysis and is unlikely to affect the sample reactivity
significantly it has serious implications for the bulk elemental analysis performed
by XRF.

3.1.2.4 Measurement by Inelastic Neutron Scattering:

Table 3-2: Populations of different O-H sites in a sample of ZSM5-FR as
determined by quantitative INS analysis.

Species Brucite Equivalent OH Sites

(Mg/gzsm-5) per Unit cell
Brgnsted 9.8 +1.3 3.3+0.4
EFAL 4.0+1.9 1.1+£0.5
Silanol 1.0+ 0.4 0.6 + 0.2

Since INS peak intensities are quantitative it is also possible to derive the number
of acid sites in the zeolite by examining the intensity of the O-H stretching peak.
This type of direct analysis rarely features in zeolite characterisation strategies
and represents a further benefit of applying INS to investigate heterogeneous
catalysts. Although the relationship between peak intensity and population is
linear, it does depend on specific factors in the design and setup of the neutron
spectrometer used. Conversion between the two is therefore most conveniently
done by comparison against a calibration curve created by the measurement of
samples containing known quantities of the group of interest. The results of an
analysis of ZSM5-FR using this method carried out on the MAPS spectrometer at
ISIS by Ms. Andrea Zachariou are reproduced in Table 3-2. Detailed fitting of the
O-H stretching region shows the presence of three different peaks of which the
Brgnsted sites in the zeolite form the majority; peak intensities were converted
to acid site populations by comparison against the spectra of known masses of

brucite (Mg(OH)2)."*' The relatively high level of uncertainty in the final data
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derives from the weak intensity of the zeolite O-H peaks resulting in background

noise, which increases the uncertainty in the spectral peak fitting.

3.1.2.5 Summary:

Table 3-3: Summary of acid site populations of ZSM5-FR as measured by
different techniques.

Si : Al Brensted sites

Technique Ratio per unit cell
X-ray Fluorescence 16.6: 1 5.45
Ammonia TPD 40.6 : 1 2.31 +£0.12
2Si NMR 25.1:1 3.68 + 0.06
Quantitative INS  27.9 : 1 3.3+0.4

Table 3-3 summarises the predicted levels of acidity in ZSM5-FR from all the
methods considered above. Although there is considerable variation in the results,
it can be seen that the two bulk techniques (NMR and INS) agree to within the
degree of accuracy of each measurement. They are also likely to be the methods
which provide the most accurate measure of the actual Bronsted site population
of ZSM5-FR despite the uncertainty in the quantitative INS results. The fact that
XRF detects much higher levels of aluminium than the other methods can be
explained by reference to the presence of EFAL species which will not be detected
by the other methods, which only consider the framework aluminium or measure
acid sites directly. The fact that XRF measurements were taken in powder form
without dilution or additional support also has been reported to increase the
significance of matrix effects from differing X-ray penetration depths, reducing
the accuracy of the final composition analysis.' Lower levels of acidity as
measured by ammonia TPD can be attributed to some combination of inaccessible
acid sites, residual ammonia bonding at the end of the desorption temperature
ramp and the sensitivity of the TCD detector; all combining to reduce the accuracy

of the TPD experiment and the level of acidity measured.

Based on these results it can be stated with some degree of confidence that
ZSM5-FR exhibits a Si: Al ratio of 27:1 and contains ca. 3.5 + 0.4 Brgnsted acid
sites per unit cell. It is this level of acidity that has been used to inform the models

used for computational simulations of the zeolite reported below. Although



138 Characterisation of H-ZSM-5 and Model Compounds

ammonia TPD has not proven completely accurate in assessing the absolute acidity
level of the zeolite structure, it is much more accessible than the other
quantification methods reported here and should still prove sufficient to measure
the relative changes in acidity which occur on undergoing the steam-treatment

procedures investigated in Chapter 5.

3.1.3 Identifying Brgnsted Site Locations by Neutron Diffraction:

While these methods allow the determination of the level of acidity within the
zeolite, they cannot provide information on the location of these sites within the
zeolite framework. The experimental determination of hydroxyl distributions in
zeolites is a significant challenge and the subject of ongoing research. Methods
employed have included: drawing conclusions from the lattice parameters which
are detectable crystallographically,' investigating Si and Al coordination
patterns by solid state NMR,'3? observing the spatial distribution of aluminium in
zeolite samples by atom probe tomography'# and simulating multiple possible
zeolite structures to determine which are most energetically favourable. 44145
These studies have allowed the development of a number of ‘rules of thumb’
which can be used to guide the preparation of zeolite structures for simulations,
while remaining consistent with the experimental data. Lowenstein’s rule forbids
the presence of Al-O-Al triads, while Dempsey’s rule extends this to predict that
zeolites will exhibit ordering to achieve the maximum possible Al-Al distance
attainable for a given Si:Al ratio. These have been applied in the preparation of
the simulated zeolite structures used in later chapters of this thesis, however,
obtaining direct experimental measurements of proton location in our specific

zeolites remains a useful goal.

In principle, neutron diffraction is capable of resolving contributions from the
hydrogen atoms in a zeolite framework in a way which is not possible for
equivalent X-ray measurements, for the reasons discussed above. This property
has previously been successfully applied to studies of proton locations in zeolites,
although the body of work in this area is limited.% 16 For this reason the decision
was made to attempt a neutron diffraction measurement of ZSM5-FR and the

determination of its structure by Rietveld refinement. The resulting data,
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collected as described in Section 2.1.4.2, is shown in Figure 3-11. The data
presented is that recorded on 4 separate detector banks (bank 1 provided no
additional information and has been omitted); it can be seen how each detector
provides higher resolution over a narrower range as the scattering angle relative

to the incident beam moves closer to backscattering.
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Figure 3-11: Neutron diffraction patterns for deuterated ZSM5-FR as
recorded on POLARIS. The plot numbering indicates the
detector bank which recorded each trace; technical details of
each bank are given in Table 2-2.

The diffraction pattern was analysed using GSAS-11.' Due to the specialised
nature of this analysis and the complexity of the data, the diffraction results were
analysed by Professor Jan Skakle of the University of Aberdeen as part of a wider
collaboration on zeolite structural studies. Unfortunately, the data has so far
proven extremely difficult to refine and has eluded structural determination.
These difficulties have been attributed to the effect of EFALl species on the dataset
and motional averaging between the Brensted sites complicating the analysis.
Analysis remains on-going, however, it is evident that determining proton

locations in commercial zeolites remains a considerable technical challenge.
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3.2 Spectra of Model Compounds:

Although the vibrational spectra of our selected model compounds, propene and
1-octene, are fully assigned and readily available from a number of literature
sources, it is still useful for us to briefly consider how the pure compounds appear
to INS analysis. INS spectra are richer than infrared or Raman equivalents due to
the lack of selection rules, and a firm grounding on the assignment of the
vibrational modes will be important later, as these are changed by their

interactions with zeolite frameworks after being adsorbed.

3.2.1 Propene Studied by INS:47-148

Since INS data collection is carried out at < 30 K the collected spectra are those
of propene in its solid state. Measurements were performed on both MAPS and
TOSCA in order to provide the best possible resolution across the full energy region
from 0 - 4000 cm'; these are shown in Figure 3-12 and Figure 3-13 respectively.
It can also be seen that the MAPS data exhibits non-linear baselines as the energy
transfer value approaches the incident neutron energy for each collected
spectrum. This effect is due to a degree of multiple neutron scattering occurring
within the sample, resulting in what is effectively a large Gaussian peak centred
at the incident neutron energy values (2017 cm™ for the low energy spectrum and

5244 cm' for the high energy spectrum.)

The INS spectra contain all the expected modes which are assigned to the
vibrations given in Table 3-4 with this process being guided by previous
investigations of propene vibrations by Fateley and Miller,'# Ghosh and Kydd,'°
and Lennon et al."' Key modes are the methyl torsion mode at 221 cm’, the vinyl
scissors at 429 cm’!, the vinyl torsion at 584 cm™' and the nature of the C-H
stretching modes as a broad peak centred on 3000 cm™' with equal intensity on
either side of this value due to the equal number of sp? and sp? hydrogens. The
broad modes at 287, 496 and 652 cm™', highlighted in Figure 3-13 (t), are not
fundamental vibrations, but are phonon wing modes of the peaks immediately
below them in energy, formed by coupling between these modes and the external

density of states. This is proven by the lower intensity of these modes in



Characterisation of H-ZSM-5 and Model Compounds 141

Figure 3-12; due to wing modes mainly scattering at high values of Q, the limited
range of Q values used for the MAPS data integration removes much of the

intensity of wing mode peaks, without affecting the fundamental transitions.
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Figure 3-12: INS spectrum of propene recorded at T <30 K on the MAPS

spectrometer at incident energies of 2017 (left) and

5244 (right) cm™ and integrated over the momentum transfer

range 0 < Q< 10 A",
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Figure 3-13: INS spectrum of propene recorded at T < 30 K on the TOSCA
spectrometer. Peaks due to phonon wing modes are
highlighted (7).
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Table 3-4:  Vibrational assignments for the INS spectrum of solid propene
at < 30 K. Assignments based on data from Fateley and Miller, 4
Ghosh and Kydd, ' and Lennon et al.">"

Peak Wavenumber Assignment

(cm™)
0-150 Multiple overlapping lattice modes

1 221 -CHjs torsion

2 287 Wing mode of Peak 1

3 429 C=C-C scissors

4 496 Wing mode of Peak 3

5 584 C=CH, torsion

6 652 Wing mode of Peak 5

7 915 =CH; in-plane rock

8 929 =CH; out-of-plane wag

9 1002 -CH- out-of-plane wag

10 1048 -CH; out-of-plane rock

11 1169 -CHs in-plane rock

12 1291 -CH- in-plane rock

13 1371 -CH3; symmetric deformation

14 1440 =CH; scissors

15 1500 -CH3 asymmetric deformation

16 3000 Overlapping modes for C-H stretches on sp? (< 3000 cm™)

and sp* (> 3000 cm™) carbon centres.

3.2.2 1-octene Studied by INS: "2

The INS spectrum of 1-octene is considerably more complex, as would be expected
from a larger molecule. The collected INS spectra are presented in Figure 3-14 for
the MAPS data and Figure 3-15 for TOSCA. The MAPS data exhibits the same non-
linear baseline as the spectra approaches the incident neutron energy as was
observed in the propene data but to an even higher degree, indicating that the
sample may have been slightly too large for optimum scattering levels in MAPS.
The indirect geometry spectrum avoids this issue due to its insensitivity to
multiple scattering; the increased resolution of TOSCA at low energies and

advantages exhibited by MAPS above ca. 1200 cm™' are again readily apparent.
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Figure 3-14: INS spectrum of 1-octene recorded at T <30 K on the MAPS
spectrometer at incident energies of 2017 (left) and
5244 (right) cm™ and integrated over the momentum transfer

range 0 < Q< 10 A",
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Figure 3-15: INS spectrum of 1-octene recorded at T < 30 K on the TOSCA

spectrometer (a) compared to a simulated spectrum for
1-octene (b) and the simulated spectrum without overtones or

phonon wings (c).

The vibrational assignment of the peaks in the 1-octene spectra was assisted by

computational modelling of the 1-octene system. Multiple potential conformations
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of 1-octene were optimised through DFT and converted to simulated INS spectra
using the procedures in Sections 2.2.1.1. The results providing the closest fit to
the experimental data are reproduced in Figure 3-15; these results correspond to
the low energy conformer reported by Fraser et al.’? In this conformation, the
alkyl chain assumes the usual anti-periplanar zig-zag conformation, but the (C=C-
C-C) dihedral angle is oriented at +120° instead of 180°, resulting in the (C=C)
bond being staggered out of the plane of the (C-C) bonds. Simulations of
conformers where the (C=C) bond is not staggered in this fashion introduce an
additional (C=C) torsion mode in the 500 - 600 cm™' region, while those involving
a bend in the methylene chain introduce splitting of the peak at 728 cm'. Since
neither of these features is observed in the experimental spectrum it can be

accepted that solid 1 octene is in the conformation shown in Figure 3-16.

Figure 3-16: Partially-staggered geometry of 1-octene identified as
corresponding to the conformation of the experimental sample
recorded by INS.

In addition to identifying the conformation, the simulation also assists in
identifying which peaks in the experimental spectrum are due to fundamental
modes and which, such as the mode visible at 350 cm™* in Figure 3-15, are due to
overtones and therefore have no corresponding 0-1 transition in the simulation
(Figure 3-15(c)). The application of these results allows the assignment of the
peaks in the 1-octene spectra. The slightly broadened peak observed at 1456 cm™!
in Figure 3-15 is assigned to the overlap of the asymmetric methyl deformation
with the methylene scissors modes, with the narrower peak at 1298 cm'
representing a combination of multiple -CH;- twisting modes that occur along the
axis of the alkyl chain. A smaller peak corresponding to the symmetric methyl
deformation is just visible between these peaks at 1371 cm™'. The other peaks of
interest are the CHs rocking mode at 1118 cm’', the (C=C) torsion at 639 cm™', the
distinctive peak of the terminal methyl torsion at 245 cm™' and the two transverse
acoustic modes located at 167 and 178 cm™'. The alkyl CH; rock modes at 728 and

739 cm™' are also of interest since it is known from infrared studies of alkane
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systems that the frequency of the methylene rocking modes is dependent on the
number of consecutive CHz groups, n, making the position of these peaks a marker
for the length of the alkyl chain. In n-alkanes, the frequency is observed to vary
from a maximum of 815 cm™' for n = 1 to a final value of 722 cm for all n > 5.1
The fact that the frequency of the 1-octene peak is shifted to a slightly higher
value than its chain length would suggest from this series is tentatively attributed

to the effect of the adjacent sp? carbon on the final methylene group in the chain.
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Figure 3-17: C-H stretching region of the 1-octene INS spectrum (a)
compared with the results of peak fitting analysis (b) to
deconvolute the contributing modes. Fit components are a
linear background due to multiple scattering (c) and peaks due
to sp? vC-H modes (d), sp? vC-H modes (e) and a combination of
simultaneous sp® vC-H modes and a transverse acoustic

mode (f). The degree of uncertainty in the reduction of the
experimental data is shown.

The high energy portion of the MAPS spectrum (Figure 3-14) clearly shows the
splitting of the 1-octene (C-H) stretch region into a peak at 2917 cm™ with a
shoulder at 3071 cm™'. The simplest assignment is to attribute these to the (C-H)
stretching modes of the sp3® and sp? carbons respectively, however, comparison of
the relative peak areas above and below 3000 cm™ shows that they do not
correspond to the 13:3 ratio expected, given the number of hydrogens in each
environment. Additionally, this hypothesis fails to account for fact that the peak

continues with a tail up to energies as high as ca. 3200 cm'. Deconvolution of the
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2400-3600 cm™' region of the 1-octene spectrum by peak fitting indicates the
presence of an additional contribution in this region centred at 3095 cm™. The
positioning of this peak, together with the fact that it is more broadened than the
other modes in this region, marks it as being due to a combination of the sp3 (C-H)
stretching modes from the -CHz- groups in the alkyl chain with the transverse
acoustic mode of the same groups at 178 cm™'. Other peaks in the spectrum
represent various internal modes and wags and are assigned as detailed in
Table 3-5. These assignments are guided by data taken from Bower and
Maddams,'>* Braden et al.,'> Lennon et al.,’" and the DFT calculation described

above.
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Vibrational assignments for the INS spectrum of solid 1-octene

at

30 K. Assignments based on data from Bower and

Maddams,'® Braden et al.,’ Lennon et al.,”™ and DFT
simulations.

Peak Wavenumber Assignment

(cm™)
0-150 Multiple overlapping lattice modes

1 167 Transverse acoustic -CH;- wag

2 178 Transverse acoustic -CH;- wag

3 245 -CHjs torsion

4 283 Longitudinal acoustic C-C stretch

5 350 First overtone of peak 1

6 384 Longitudinal acoustic C-C stretch

7 442 Longitudinal acoustic C-C stretch

8 472 C=C-C scissors

9 639 =CH; torsion

10 728 -(CHy)n- in-phase rock, n > 4

11 739 -(CH2)n- out-of-phase rock, n > 4

12 789 Mixed -CH,- rock/twist

13 875 -CH3 in-plane rock

14 911 =CH; wag

15 967 =CHz rock

16 997 =CH- rock

17 1052 -CHz- twist

18 1118 -CH3 in-plane rock

19 1217 =CH- rock

20 1298 Multiple -CH,- twist or rock modes along the molecular axis.

21 1371 -CH; symmetric deformation + -CH;- wag

22 1438 -CH;- scissors

23 1456 -CH3 asymmetric deformation + -CHj3 scissors

24 2917 sp® C-H stretches

25 3071 sp? C-H stretches

26 3095 Combination of modes 2 + 24
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3.3 Self-Diffusion Dynamics of Model Compounds:

As with the vibrational data it is useful to establish a baseline level of mobility for
our model compounds in their pure state, against which their movements once
adsorbed into the zeolite can be compared. This is especially important as
accurate information on hydrocarbon self-diffusion in the literature can be quite
sparse and rarely covers the complete temperature range of interest for our
studies. Unfortunately, the mobility of bulk propene is too high for its self-
diffusion constants to be easily obtained due to the energy transfer values for the
associated motions lying outside the accessible time window of the QENS
spectrometers at the ISIS Facility (from 1.6 to 26-38 ps depending on the
instrument)."® The movements of bulk 1-octene are more amenable to analysis

and an appropriate experiment has accordingly been carried out.

3.3.1 QENS Analysis of Bulk 1-octene:

The sample measured consisted of 0.693 g (6.174 x 103 moles) of HPLC-grade
1-octene in a cylindrical aluminium sample can of 10 mm radius, with the sample
occupying a 0.1 mm annulus at the perimeter of the cylinder. This gives the correct
number of nuclei in the beam to achieve optimal 10 % scattering of the incident
neutrons. The sample was measured according to the procedure in Section 2.1.3.4
at 10 K intervals from 10 to 370 K, with high resolution spectra being recorded at
5, 220, 270, 320 and 370 K, these temperatures being chosen as lying in the liquid
phase for 1-octene and therefore being most likely to exhibit analysable motions.
Collection of the data point at 280 K was omitted due to a scripting error. The IRIS
spectrometer was the instrument used for this investigation with the PG002
analyser crystal employed, giving an accessible momentum transfer range of
0.42 < Q < 1.85 A" and an energy transfer resolution of 17.5 peV.' Examination of
the results by the EFWS method, shown in Figure 3-18, shows results which are in
line with expectations for a bulk sample (the reader is reminded that the estimated
elastic intensity at a given temperature, S(Q, w ~ 0, T), is inversely proportional to
sample mobility). Mobility is initially minimal and increases only slowly while the
sample remains in the solid state. On exceeding its melting point (171.5 K) the 1-

octene undergoes a rapid increase in mobility as it enters the liquid phase, and the
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elastic intensity drops to essentially zero by ca. 270 K, indicating that almost the

entire sample is undergoing motion at this temperature.

0.7 1
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Figure 3-18: Elastic fixed window scan data for 1-octene from 10 to 370 K
recorded on IRIS. Energy transfer window for integration of
elastic peak is + 8.75 peV. Temperatures where high resolution
data was collected for additional analysis are highlighted.

Examination of the high resolution data produces results consistent with these
observations; the majority of the scattering intensity in each case lies in the
quasielastic Lorentzian fit parameter or the linear background, with contributions
from the elastic resolution function being much lower due to the fact that the
immobile portion of the sample is small. The proportion of the intensity which is
elastic further decreases with temperature, and the apparent overall intensity
decreases, despite the sample having the same number of molecules in the beam,
because of more molecules moving fast enough to lie outside the IRIS energy
window. Fitting analysis showed that a single Lorentzian parameter was adequate
to describe the observed broadening at all temperatures, meaning that there is
one motion occurring within the IRIS time window, while the linear background is
high due to the large amount of movement which is too rapid to be resolved. It is
also clearly apparent that the Lorentzian broadening increases with Q, indicating
diffusion. Figure 3-19 shows the scattering functions and fit deconvolutions for a

selection of Q values at 220 and 320 K to demonstrate these trends.
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Table 3-6: Parameters for the self-diffusion of liquid 1-octene derived
from fitting the data in Figure 3-20.

Temperature Ds

(K) (m*s™)
220 6.31 x 107°
270 1.37 x 10°
320 2.35 x 107
370 3.74 x 10°

Do (m?s™") 4.37 x 108

E. (kJ/mol) 7.76

Plotting the Lorentzian linewidth against Q? (Figure 3-20) reveals that at the three
higher temperatures investigated this relationship is linear and therefore
represents broadening due to Fickian diffusion of the 1-octene molecules, allowing
the diffusion constants given in Table 3-6 to be derived from the slope of the data.
This analysis is complicated by the fact that, although IRIS in theory allows energy
transfers up to + 0.4 meV to be detected, for this dataset is becomes impossible
to deconvolute the Lorentzian fit parameter from the linear background once its
width exceeds I' = 0.2 meV. This means that the Q range where we obtain useful
data becomes increasingly constrained at higher temperatures, and the diffusion
constant at 370 K is based on a very small number of data points. At 220 K, the
data can be fit across the full Q range recorded by the instrument but is observed
to deviate from this simple Fickian relationship at high Q values. As explained in
Chapter 2, this is characteristic of jump diffusion with the deviations occurring at
low distances where the scale of the jump lengths becomes significant. The data
in this case best fits movement according to the jump diffusion model of Chudley
and Elliot,® which behaves identically to Fickian diffusion at low Q values allowing
the Ds value in Table 3-6 to be derived by limiting the fit to those data points at
Q> <1.5.%

The resulting parameters derived from the QENS fit exhibit a linear Arrhenius
relationship since they all represent motions within the same phase, allowing the
activation energy of the movement to be calculated as ca. 7.76 kJ/mol. Although
data on the self-diffusion of 1-octene is somewhat sparse, our diffusion constant
at 270 K is essentially identical to the value of 1.3 x 10 m?s' reported by Weber

et al. for the diffusion of 1-octene in the in interior of large macropores at room
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temperature as measured by PFG-NMR."”” We can therefore regard this data as
representing the dynamic characteristics of 1-octene in their undisturbed state
with good confidence and now have access to this information across a
temperature range wide enough to accommodate all of our projected

measurements of zeolite-hydrocarbon systems.
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Chapter 4. Olefin Interactions in H-ZSM-5

Although there is an extensive literature on the mobility of hydrocarbons in
zeolites of varying structures, the majority of these studies make use of simple
saturated alkanes as their model adsorbates for reasons of simplicity. In contrast,
this project is primarily concerned with the interactions of more active
unsaturated olefin molecules since it is these species that form the majority of
the active fraction in fluidised catalytic cracking and light hydrocarbon
valorisation feedstocks. These are also the product species of greater commercial
interest. Zeolites can catalyse both C-C bond formation and cleavage reactions,
with the balance between the different possible reactions being determined by
reaction conditions and the acid strength of the zeolite. This chapter reports the
results of a series of investigations of the interactions and mobility of model light
and gasoline-range olefin species with a commercial-grade powder-form H-ZSM-5
catalyst at low temperatures. The improved access to the low-energy
deformational modes of adsorbed hydrocarbons in zeolites provided by the use of
inelastic neutron scattering allows new insights into the mechanism of olefin
oligomerization over these catalysts, which have not been previously reported.
QENS analysis allows the determination of the mobility of the final product
species of these reactions. The easy access to cryogenic studies permitted by the
neutron sample environment also permits accurate observations of the onset of

reactivity for both model species.
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4.1 Octene Interactions in ZSM5-FR;152

In this section we will consider the interactions and dynamics of 1-octene, which
will later be employed as a model compound for gasoline-range cracking
feedstocks, with the fresh catalyst at temperatures up to 300 K; this represents a
maximum temperature considerably below those used in typical FCC reaction
conditions, a decision taken in order to study the pre-cracking behaviour of the
1-octene. The ability of ZSM-5 to oligomerize short-chain olefins at low
temperatures is well reported, however, 1-octene lies within the range of olefin
chain lengths which are generally reported as terminal species for this reaction at

temperatures < 473 K. 43 130, 158

The sample for the INS measurements consisted of 10.78 g of pre-dried ZSM5-FR
loaded into an aluminium sample cell (50 x 50 x 10 mm sample geometry)
equipped with gas handling fittings. These fittings were used to load the sample
with 1-octene without exposure to air by passing a stream of 200 cm3 min™' of
helium through the sample cell after saturating it with 1-octene at 293 K using a
bubbler arrangement. Loading was continued until gravimetric analysis indicated
no further increase in mass, then the sample was purged with dry helium for 15
minutes to remove any 1-octene not adsorbed into the zeolite. The final 1-octene
loading was determined gravimetrically to be 1.03 x 103 mol g 'zsm-5, equating to
5.96 octene molecules per ZSM-5 unit cell. This was analysed on both MAPS and

TOSCA using the standard measurement procedures (Section 2.1.2.5).

The sample for QENS analysis consisted of 2.27 g of ZSM5-FR in a 2 mm annular
QENS sample cell with gas fittings at both top and bottom, allowing flow-through
of gasses. The measurements were taken using the PG002 analyser of OSIRIS,
hence the energy resolution was 25 peV across a momentum transfer range of
0.18 < Q< 1.8 A1.9 Unloaded spectra of the zeolite/sample cell combination
were first collected at base temperature and at 25 K intervals from 23 - 373 K,
with high resolution spectra at 5, 273, 323 and 373 K. The sample was then dosed
with 1-octene using the same procedure as above; final loading in this case was
1.06 x 103 mol g 'zsm-5 0r 6.49 1-octene molecules per unit cell. Data of the loaded

sample was then collected using the same protocol as the empty zeolite.
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4.1.1 Vibrational Spectra of ZSM5-FR + 1-octene:

S(Q,w) / Arb. units
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Figure 4-1: MAPS INS spectrum of 1-octene following adsorption in
ZSM5-FR (a) compared with the spectra of the empty zeolite (b)
and pure 1-octene (c). Spectra recorded at incident energies of
2017 cm™' (left) and 5244 cm™ (right) and integrated over the
momentum transfer range 0 < Q < 10 A", Intensities scaled to
correct for different sample sizes and offset in y-axis for clarity.
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Figure 4-2: TOSCA INS spectra of 1-octene in ZSM5-FR (a), ZSM5-FR (b) and

pure 1-octene (c). Intensities scaled to correct for different
sample sizes.
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Figure 4-3: C-H stretching region of the INS spectrum of 1-octene in
ZSM5-FR (a) and results of peak fitting analysis (b) to
deconvolute into a linear background (c), sp® vC-H modes (d)
and a sp® VvC-H modes / transverse acoustic mode
combination (e). The degree of uncertainty from reduction of
the experimental data is shown.

The INS spectra collected are reproduced as Figure 4-1 for MAPS and Figure 4-2
for TOSCA; the corresponding spectra of the individual components, as
investigated in Chapter 3, are also included for comparison purposes. The
combined 1-octene / ZSM5-FR sample has a lower total quantity of hydrocarbon
when compared to the pure 1-octene spectrum, therefore the problem with non-
linear baselines in the MAPS spectra due to multiple scattering is less pronounced.
The observed spectrum also differs significantly from the spectra of the individual
components, indicating that some form of chemisorption involving a degree of
molecular rearrangement is occurring. The intensity of the (C-H) stretch region
above 3000 cm is reduced relative to that observed for pure 1-octene. There is
a residual tail of intensity above this value, however, peak fitting of this region
(Figure 4-3) shows that this consists entirely of the sp3 (C-H) stretch / transverse
acoustic mode combination previously observed for 1-octene and that the
spectrum of the adsorbed system therefore has no contributions from unsaturated
carbons. The relevant acoustic mode has undergone a reduction in energy and is
visible as a shoulder at 143 cm in Figure 4-2, with this being reflected in the

energy difference between the centres of the C-H stretch and combination peaks.
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The sp? v(C-H) peak has undergone a minor upward shift of 10 cm™!, however, this
is too close to the resolution limit of MAPS at this energy transfer to draw

meaningful conclusions from this difference.

Together with the complete disappearance of the (=CH2)-associated peaks at
639, 911 and 967 cm'! this indicates that the change on adsorption involves the
carbocation-forming protonation of the octene.™® This conclusion is further
supported by the absence of any peaks corresponding to zeolite (O-H) groups in
the loaded spectrum. The lack of an increase in the relative size of the methyl
torsion peak supports the assertion by Stepanov et al.'8 that steric hindrance from
the zeolite pores means that adsorbed octene within ZSM-5 is mainly present as a
linear secondary carbocation with the normally preferred branched tertiary
carbocations forming minority species. Further evidence of this is provided by the
presence of the -(CHz)- rocking modes at 727 cm™ in the combined system; the
frequency of this mode is dependent on methylene chain length, as mentioned in
Section 3.2.2, thus the fact that it has not shifted significantly relative to its
position in the free 1-octene spectrum indicates that the average methylene chain
length in the system remains > 5 adjacent CH; units and that the octene chain is

not undergoing any significant degree of rearrangement.

Previous literature suggests that 8-carbon molecules like 1-octene are stable
species over ZSM-5 at room temperature and although protonation occurs the
resulting carbocations do not react further.#® 130, 158 However, the extremely
broadened nature of the peaks in the 690-1140 cm™ region does not appear
consistent with the expected results from a simple molecule such as an octene
derivative. This was confirmed through DFT modelling of a secondary octene
carbocation, which results in a spectrum with peaks at the correct energies but
which do not exhibit the necessary broadening to match the experimental
spectrum. Simulations of various other possible Cg species likewise universally
produce predicted spectra with key differences from the experimental results.
Taken together, these results indicate that the product species cannot be solely
a Cg carbocation. The experimental spectrum instead more closely resembles the
predicted spectra of longer linear alkanes or polyethylene (Figure 4-4), indicating
that the protonated 1-octene does in fact undergo oligomerization to longer chain

lengths. Comparisons against the extensive library of alkane spectra publicly
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accessible in the ISIS INS database does not reveal a molecule which provides an
exact match to the peak ratios in the experimental spectrum, ' particularly the
-CH; and CH3 modes in the 1200 - 1500 cm' range, meaning that the experimental
spectrum likely consists of a mixture of multiple chain lengths. Based on the lack
of evidence for chain branching as detailed above, it appears that the
oligomerization proceeds via a linear end-to-end polymerization reaction due to
restriction by the zeolite pore disfavouring branching reactions. The complete
absence of sp? character in any of the INS spectra indicates that the reaction
proceeds to completion even at the comparatively low temperature of 293 K as

the 1-octene is loaded into the zeolite, likely due to the high acidity of ZSM5-FR.
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Figure 4-4: INS spectrum of 1-octene adsorbed in ZSM5-FR (a) compared
with reference spectra of polyethylene (b), tetracosane
(C24Hs0) (c) and hexadecane (Ci6H3s) (d). All spectra recorded
on TOSCA; reference spectra are taken from work by Parker and
co-workers, 13> 160 and sourced from the ISIS INS database. '’

4.1.2 Mobility of 1-octene Oligomers:

The QENS spectra of the unloaded ZSM5-FR sample reveal no significant changes
in the width of the elastic peak across the temperature range investigated and
the zeolite is therefore essentially static. This is also clearly demonstrated by the
flat nature of the EFWS data for ZSM5-FR (Figure 4-5). Examination of the loaded
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sample by the same method shows the considerable increase in scattering
intensity resulting from the introduction of a hydrocarbon to the sample. It also
confirms that the oligomerization reaction has proceeded to completion during
the dosing process; the rate of intensity change with temperature is nearly
constant across the temperature range without any phase transitions as were
observed for the 1-octene and the overall increase in mobility is much smaller
than that observed for the free 1-octene in Section 3.3.1. The small fluctuation
observed in the 298 and 323 K data points in Figure 4-5(b) may be due to a slight
decrease in mobility associated with the monoclinic-orthorhombic phase
transition of ZSM-5, which occurs in the range 300 - 350 K for unloaded samples. "¢
However, it is generally reported that adsorption of molecules into the ZSM-5
structure locks it in the monoclinic phase, and the magnitude of the discrepancy

in the EFWS data is small enough that it could merely be statistical noise instead.
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Figure 4-5: Elastic fixed window scan data for ZSM5-FR (a) and 1-octene
adsorbed in ZSM5-FR (b) from 5 to 373 K recorded on OSIRIS.
Energy transfer window for integration of elastic peak is
+ 12.5 peV. Temperatures where high resolution data was
collected for additional analysis are highlighted.

Visualisation and fitting of the high resolution QENS spectra shows results
consistent with this low level of mobility. Due to the extremely low levels of
mobility indicated by the EISF analysis (see below), the contributions of the zeolite

and sample environment to the scattering functions were removed from the
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loaded QENS results at each temperature by subtracting the corresponding
unloaded spectra. The resulting hydrocarbon-only data fitted best to a
combination of the resolution function, a linear background and a single
Lorentzian. Even for the highest temperature investigated (373 K) it is
immediately apparent that the resolution function remains the major component
of the overall scattering function across the entire Q range, as shown in Figure 4-6.
This is in sharp contrast to the comparable results for the free 1-octene in 3.3.1
and indicates that even at this high temperature the majority of the hydrocarbon
in the sample remains immobile. It is also apparent that the Lorentzian function
only contributes significantly to the overall scattering function at higher Q values:
the same pattern is also observed for the spectra at 273 and 323 K. Since Q is
inversely related to distance, this indicates that the movement of the hydrocarbon
is restricted to localised motions and it does not exhibit the long-range
translations reported for linear alkanes in ZSM-5.72: 74 It is therefore clear that the
oligomerization reaction has resulted in a product which is sufficiently large to be
immobilised (on the OSIRIS timescale) within the pore structure of the zeolite by

interactions with the pore walls and with only a limited range of possible

movement.
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Figure 4-6: S(Q,w) functions at selected values of Q for 1-octene adsorbed
in ZSM5-FR at 373 K showing the resolution function (a) and
Lorentzian (b) contributions to the overall fit.
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Localised motions in a QENS spectrum may be characterised by deriving the Elastic
Incoherent Structure Factor (EISF, Ao(Q)) which is the fraction of the total
scattering intensity that is elastic, given by:

Ielastic(Q)
A = 4.1
O(Q) Ielastic(Q) + Iquasielastic(Q) ( )

The quasielastic contribution is always zero at Q = 0 giving Ao(Q) = 1 and for
completely immobile systems this will remain the case at all Q values. Where
there is motion, the EISF will initially decrease with increasing Q and the exact

shape of the EISF vs Q curve is determined by the geometry of motion.?
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Figure 4-7: Experimental EISF values for 1-octene in ZSM5-FR at 273 K (a),
323 K (b) and 373 K (c) compared to the predicted EISF values
for jump (d) and continuous (e) methyl rotation using the
models described in the text.

The EISF values of the loaded zeolite QENS spectra are reproduced in Figure 4-7;
it can be seen that the overall reduction in EISF magnitude is small at all
temperatures and that the motion of the molecules within the zeolite is therefore
highly hindered. The fluctuation observed for all three temperatures in the
1.5-1.75 A" region is a residual effect of the Bragg peak in that region of Q;

expansion of the zeolite structure because the adsorbed 1-octene results in a shift
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in the position of the Bragg peaks and results in incomplete cancellation by the
baseline subtraction process.

The identification of the exact motion responsible for the quasielastic intensity
observed is simplified by the results of the vibrational analysis completed above.
Since the hydrocarbon is a long chain constrained within zeolite pores whose
diameter is less than the chain length, only a few types of rotation are physically
possible, namely the reorientation of the terminal methyl groups around their C-C
bond, either continuously or as a series of 120° jumps between equivalent
orientations, or the uniaxial rotation of the entire alkyl chain. Distinguishing
between these possibilities can be accomplished through fitting of the EISF curves.
Just as the Fourier transform of the van Hove autocorrelation function can yield a
description of the I" vs Q? relationship for translational motions, it can also be used
to derive an model for the EISF vs Q relationship in localised motions.%* 8> In the
case of a rotation, the generalised scattering law for rotation between N

equivalent sites on a circle yields the following equation for the EISF:

N
20@ =1 o [20rsin ()] (4.2)

n=1
where r is the radius of rotation, and jo is the spherical Bessel function of order
zero.® In the continuous rotation case, the scattering law for true continuous
rotation requires knowledge of the angle between the scattering vector and the
rotational axis and modelling it is therefore only possible for single crystals.
However, a sufficiently accurate approximation for powder samples which is valid
for Q values < /- may be obtained using Equation (4.2) provided the value of N is

sufficiently large.®

For the methyl rotations the value of r is 1.03 A, the radius of the circle
circumscribed by the methyl hydrogens, which can be calculated from the C-H and
C-C bond lengths and angles given by the DFT simulations in Section 3.2.2 as shown
in Figure 4-8. Since in both cases the rotation only involves the terminal methyl
hydrogens, the other hydrogens in the molecule do not contribute to the elastic
intensity and it is therefore necessary to include a correction factor to reflect

this. This can be done by splitting the EISF into mobile (m) and immobile (i)
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contributions, and weighting each by the proportion in each state (p,m) where p; +
pm = 1). The total EISF would then be the sum of each contribution, and since the

value of Ap(Q)i is always 1:

Ay eff(Q) =pi40(Q)i + PmAo(Q)m
= pi + PmAo(@nm (4.3)
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Figure 4-8: Derivation of the radius of hydrogen movement for methyl
rotation in 1-octene from DFT-optimised geometry data.

The maximum mobility possible for these rotations will occur with protonation of
the adsorbed 1-octene at the terminal carbon but no oligomerization, giving six
methyl hydrogens out of seventeen and so pm = 0.353. The predictions from the
model for r = 1.03 A and pm = 0.353 are reproduced as Figure 4-7(d) for the jump
rotation using N = 3 and Figure 4-7(e) for continuous rotation using N = 50; it is
apparent that the influence of N on the EISF is small at the length scales involved
with methyl rotation. It can be seen that both models fail to reach the degree of
mobility observed experimentally at 373 K across the Q range investigated.
Oligomerization of the 1-octene molecules as deduced from the INS data means
that the actual proportion of methyl hydrogens in the sample must be lower than
the limiting case modelled here, which would result in even higher EISF values
than these predictions. The observed quasielastic intensity therefore cannot be

solely due to methyl rotation.



164  Olefin Interactions in H-ZSM-5

<< NE
G
<o [_H OF / C \
H H H H

DE = EF =1.5224 EI=1.1104
EG=GH 2IE] = 106.7°

LDEF = 112.7° o 15

DE 2 xEG <6kl = ()

=126.7°

sin90° . (180°— ZDEF
sin (72 ) g o
2 =EI +EG —2 x EI x EG x cos(£GEI)
r=1.404

EG=0.424

Figure 4-9: Derivation of the radius of hydrogen movement for uniaxial
rotation of an alkyl chain from DFT-optimised geometry data.
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Figure 4-10: Experimental EISF values for 1-octene in ZSM5-FR at 273 K (a),
323 K (b) and 373 K (c) compared with the calculated EISF
resulting from continuous uniaxial rotation of the alkyl chain,
assuming all hydrogens participate (d). The dotted lines
represent the results of a partially-immobile modification of
this rotation as described in the text using the pm values in
Table 4-1.

In the case of uniaxial rotation of the alkyl chain, the motion of the CH2 hydrogens
occurs on a circle of 1.40 A (Figure 4-9). Modelling continuous rotation on this

radius while assuming that all hydrogens participate, corresponding to the limiting
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case of a chain of infinite length, produces the EISF plot shown as Figure 4-10(d):
it can be seen that in this case the maximum mobility case predicts lower-than-
observed EISF values across the Q range. Close fits for the experimental data can
be obtained by assuming partial sample immobility and fitting the model to the
experimental data with respect to pm, shown as the broken lines in Figure 4-10:
the final pm values used to generate these fits are reproduced in Table 4-1 and
indicate that the mobile fraction of the hydrogens is temperature dependant,
varying from 18.0 % at 273 K to 35.8 % at 373 K.

This degree of immobility is too high to be entirely due to non-participation by
the terminal hydrogens in the alkyl chain and indicates that a majority of the
oligomers remain completely immobile at these temperatures. This high degree
of immobility is likely caused by strong hydrocarbon-zeolite interactions owing to
the short distances between the methylene hydrogens and the pore walls in the
zeolite channels. Experimental adsorption enthalpies as high as - 79 kJ/mol have
been reported for short-chain (Ce¢) alkanes in MFI-structured zeolites, with
computational studies indicating that the effect of hydrogen bonding will lead to
even stronger interactions in H-ZSM5."62-163 Given these high energies, it is possible
that at the temperatures investigated, the mobile fraction represents those
oligomers which terminate within a pore intersection and therefore have a
proportion of the chain which is further from the zeolite pore walls, reducing the
overall binding energy which hinders the rotation. Increased temperatures result
in a more tightly bound portion of the oligomers, residing within the pore
channels, gaining sufficient energy to break the framework-sorbate interactions
and participate in rotational movement. Since the temperature range investigated
does not reach a point where all CH, groups are participating in the rotation and
pm attains a plateau value, it is therefore not possible to use pm to estimate the
average chain length in the sample. While the alteration of the shape of the EISF
plot due to the large scaling factor from the low pm means that the possibility of
secondary contributions from methyl rotations to the overall shape cannot be
ruled out with complete certainty (as changes to the plot shape due to the
addition of a 3-site rotational model would be too insignificant to be noticeable
due to the pm scaling), the close fit of the uniaxial rotation model to the

experimental data indicates that it is responsible for the majority of this
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quasielastic character and the contributions of other modes are likely to be
negligible.

A property of continuous rotations of this form is that the degree of quasielastic
broadening remains constant with respect to Q and that the half-width at half-
maximum (HWHM, I) of the Lorentzian corresponds to the inverse of the time
constant of the rotation (7) and therefore is the same as the rotational diffusion

constant (D).
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Figure 4-11: Variation of Lorentzian linewidth (I') with Q for 1-octene in
ZSM5-FR at 273 (a), 323 (b) and 373 K (c). Dotted lines represent
linear fits to the data used to derive the I values reported in
Table 4-1.

Figure 4-11 shows that this Q-independent relationship holds true at all three
temperatures within the limits of experimental accuracy and allows the extraction
of Dr values for the rotation at each temperature, reproduced in Table 4-1. It can
also be seen that this motion occurs on a considerably longer time scale than the
Fickian diffusion observed for free 1-octene, with the level of Lorentzian
broadening lying close to the resolution limit of OSIRIS (25 peV). Over the
temperature range studied these values follow an Arrhenius relationship, leading

to a calculated activation energy for the rotation of 5.1 kJ mol'. This is
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approximately 27% of the activation energy previously reported for similar
oligomer motions in bulk polyethylene.’®* It is likely that the reduction in
activation energy is due to the isolated nature of the oligomer chains within the
zeolite, with pore wall-oligomer interactions offering a lower barrier to rotation
than chain-chain interactions, particularly when the population of oligomers in

the pore intersections is considered.

Table 4-1:  Summary of dynamical parameters derived from QENS data
fitting for the combined ZSM5-FR / 1-octene system.

Temperature p r Dr
(K) ™ (peV) (s
273 0.180 29.3 4.45x 10"
323 0.291 38.7 5.89x10"
373 0.358 54.0 8.21x 10"
%4 o
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Figure 4-12: Arrhenius plot of the rotational diffusion constants of 1-octene
oligomers in ZSM5-FR at 273, 323 and 373 K showing a linear
relationship across this temperature range. Line of best fit to
the experimental data shown as the dotted line, giving an
activation energy of 5.1 kJ mol™' for this motion.

It therefore appears most likely that the 1-octene / ZSM5-FR system consists of
long-chain linear hydrocarbons formed by the sterically hindered catalytic
oligomerization of the 1-octene, as observed in the INS spectrum, which are large

enough to be immobilised within the zeolite pores. A temperature-dependant
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fraction of the oligomers are able to break the forces holding them to the pore
wall sufficiently to undergo localised rotation; the fact that this rotation is either
partially or completely due to free rotation of the alkyl chain around its long axis
implies that the mobile hydrocarbons are located along the length of the straight
pore channels in the zeolite. The presence of movement on QENS timescales
supports the identification of the sorbate as a carbocation rather than a bonded

silyl ether.

4.2 Propene Interactions in ZSM5-FR;147-148

Based on the high activity towards low temperature oligomerization found for
1-octene in ZSM5-FR above, it is to be expected that propene will exhibit similar
levels of activity. This is especially true because while previous studies on
1-octene oligomerization were somewhat ambiguous about the minimum reaction
temperature, the literature of propene-zeolite chemistry contains extensive
evidence on ZSM-5’s capability to catalyse oligomerization at room temperature
or below.#6 165168 |t is nevertheless still worthwhile to investigate this chemistry
because it provides a route for the generation of C-C bonds and therefore
contributes to a number of important chemical processes. Light olefin
oligomerizations are believed to play an important role in the formation and
evolution of the ‘hydrocarbon pool’ in methanol-to-hydrocarbons reactions.40: 42
47 They also, as the inverse reaction to the B-scission cracking mechanism, are
important contributors to the product stream composition in FCC processes.'%® Any
additional insights which can be gained via neutron methods are therefore of

industrial interest.

4.2.1 Vibrational Spectra of Propene Oligomers:

INS analysis of the product of propene oligomerization in ZSM5-FR was carried out
using a 11.8 g sample of the pre-dried material. This was contained in an
aluminium sample cell of the same design as that used for the 1-octene
measurements above and mounted on an INS centre stick equipped with gas dosing

lines leading outside the instrument environment. This sample was loaded with
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Figure 4-13: MAPS INS spectrum of propene following adsorption in ZSM5-FR
at 293 K (a) compared with the spectra of the empty zeolite (b)
and pure propene (c). Spectra recorded at incident energies of
2017 cm™ (left) and 5244 cm™ (right) and integrated over the
momentum transfer range 0 < Q < 10 A", Intensities scaled to
correct for different sample sizes and offset in y-axis for clarity.
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Figure 4-14: TOSCA INS spectra of propene in ZSM5-FR (a), ZSM5-FR (b) and
pure propene (c). Intensities scaled to correct for different

sample sizes.

1.3 x 102 moles of propene (6.6 propene molecules per unit cell) by filling a

container of known volume to a pressure equating to that quantity and allowing
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the gas to diffuse into the zeolite. The entire propene dose was taken up by the
zeolite, as evidenced by there being no residual gas pressure in the gas handling
system after equilibration with the zeolite sample. Measurement of the resulting
sample on MAPS and TOSCA produced the spectra in Figure 4-13 and Figure 4-14;
as before, the relevant pure compound spectra from Chapter 3 have been

reproduced here for comparison.

It is apparent from these figures that the combined ZSM5-FR / propene system has
undergone a reaction, and an acid oligomerization reaction is the most likely
process to have occurred. Comparing the post-adsorption spectrum for the
ZSM5-FR / propene system with that of the ZSM5-FR / 1-octene system from
Figure 4-2 indicates that the propene has in fact undergone the same type of

oligomerization reaction previously observed for 1-octene (Figure 4-15).
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Figure 4-15: INS spectrum of propene adsorbed in ZSM5-FR (a) compared

with that of 1-octene adsorbed in ZSM5-FR (b) showing the
production of similar product oligomers from each reaction.

Infrared studies by Spoto et al. report that room-temperature oligomerizations of
propene produce polypropene-type products,® but this is not the case in this
sample which exhibits spectral features not found in any of the various
polypropene tacticities (Figure 4-16) and instead shows peaks characteristic of a

primarily linear product mixture as described for the 1-octene oligomerization
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product in Section 4.1.1. Heating of the sample to 373 K does not produce any
change in the INS spectrum, indicating that the oligomerization reaction has
proceeded to completion at room temperature. The INS results have therefore
revealed a new type of oligomerization chemistry which is not apparent in the
infrared literature and it is necessary for us to further investigate how the reaction
proceeds in ZSM5-FR. Of most immediate importance is the requirement to

observe propene within the zeolite in its pre-reaction state.
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Figure 4-16: INS spectrum of pure propene (a) and propene adsorbed in
ZSM5-FR (b) compared with reference spectra of atactic
polypropene (c), isotactic polypropene (d) and polyethylene (e)
showing that spectrum (b) primarily exhibits spectral features
associated with linear alkyl chains. All spectra recorded on
TOSCA; reference spectra are taken from work by Parker and co-
workers'®0: 170 and sourced from the ISIS INS database.'>®

4.2.2 Observation of Pre-Reaction Propene in ZSM5-FR:

Unlike 1-octene, it has proved possible to introduce propene to a sample of
ZSM5-FR without triggering oligomerization by a modification of the dosing
procedure. By immersing the ZSM5-FR sample cell in liquid nitrogen up to the level
of the top of the catalyst bed and introducing the propene through the top gas
port it was possible to condense the propene dose into the sample cell. The sample

was then inserted into the INS spectrometer and heated to 140 K using a
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combination of the instrument CCR environment and cell-mounted resistance
heaters similar to those employed in QENS measurements. This melted the
condensed propene and allowed it to diffuse into the sample as a liquid; this
procedure was chosen as opposed to the alternative of introducing it directly to
the sample at 140 K using a trace-heated gas line to prevent any possibility of the
sample temperature rising above 140 K during the equilibration process. Following
this procedure (on two separate samples due to the impossibility of transferring
cells between instruments while maintaining them at cryogenic temperatures)

produced the spectra in Figure 4-17.
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Figure 4-17: INS spectrum of propene following adsorption in ZSM5-FR at
140 K (a) compared with empty zeolite (b) and pure
propene (c) spectra. Spectra recorded on TOSCA (i) and
MAPS (ii); MAPS incident energy is 5244 cm' and integration
range 0 < Q < 10 A", Intensities scaled to correct for different
sample sizes and offset in y-axis for clarity.

It can be seen that the resulting spectrum (Figure 4-17(a)) retains all the features
of the propene reference spectrum with the exception of the phonon wing modes
of the methyl torsion, vinyl scissors and vinyl twist modes (discussed in
Section 3.2.1), which are absent due to the zeolite preventing the formation of a
propene crystal lattice. It is therefore clear that the unreacted propene has been
successfully introduced to, and is stable within the zeolite, under these

conditions. The zeolite O-H stretch is also still perceptible in the combined
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spectrum again indicating that no protonation reactions have occurred, although
the centre of the peak (at 3600 cm') appears to have shifted to a slightly lower
energy: if this is the case it indicates that the hydrogen-bonded olefins which are
reported as a precursor to the protonation reaction can still form at this

temperature.*®

4.2.2.1 Observing Propene Oligomerization In-Progress:

Since the propene can be adsorbed without undergoing oligomerization it is
therefore also possible to induce the oligomerization reaction in situ and observe
it by neutron spectroscopy as it occurs. Since this reaction involves the formation
of larger molecules, it results in a reduction in the overall mobility of the ZSM-5 /
hydrocarbon system since the large oligomer molecules are not able to diffuse
freely through the zeolite pores. It is therefore possible to quantify the
progression of the reaction with temperature by means of a QENS EFWS analysis;
the oligomerization reaction will reverse the trend of increasing mobility with
temperature as the small propene molecules are converted to less mobile long-
chain species. Once the oligomerization has run to completion, the downward
trend in elastic intensity with temperature will resume as the final product
mixture moves more with increased thermal energy. The short collection times
associated with EFWS analysis allow the collection of data over a wide
temperature range, shown in Figure 4-18, and allow the identification of the
minimum temperature for the oligomerization reaction to occur being at 225 K.
Despite the sample being given time to react and equilibrate at each temperature
point the decrease in mobility due to oligomerization is not instantaneous but
occurs over a range of temperatures from 225 - 270 K, in contrast to the rapid
oligomerization which was noted to occur when the loading took place above this
range. This indicates that the reaction is only partially complete in this range of
temperatures, which is wide enough that it is possible to observe the reaction in

progress by INS methods.
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Figure 4-18: Elastic fixed window scan data for propene in ZSM5-FR from 20-
300 K after dosing at 140 K. Data recorded on OSIRIS with
energy transfer window for integration + 12.5 peV. Intensity
values normalised against T = 20 K.

Due to the mechanics of INS, specifically the need for low temperature
measurements to avoid Debye-Waller effects, it is impossible to perform this
investigation as a true operando measurement. Instead, a stepwise protocol was
adopted, where a cryogenically loaded ZSM5-FR / propene sample is sequentially
heated to successively higher temperatures, held for 30 minutes to allow any
reactions to take place then returned to < 30 K to allow spectrum collection. The
experiment was performed using TOSCA both because it has higher neutron flux
and hence lower collection times and because detectable changes from the
formation of any reaction intermediates are most likely to lie in the C-H
deformation region where TOSCA offers better resolution. This analysis was
performed across the temperature range of interest identified by the QENS

analysis above, giving the spectra in Figure 4-19.
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Figure 4-19: TOSCA INS spectra of propene after absorption into ZSM5-FR at
140 K (a) then following further heating to the indicated
temperatures: (b) = 200 K; (c) = 215 K; (d) = 225 K; (e) = 240 K;
(f) = 255 K; (g) = 270 Kand (h) = 293 K. Spectra are offset in the
y-axis for clarity. The positions of the methyl torsion (*), vinyl
scissors (8) and unbonded and bonded vinyl torsions (t,%) in the
200 K spectrum and the in-phase methylene rock (1) in the final
oligomer spectrum are highlighted.

Examining the 140 K spectrum shows all the modes that are observed in the
spectrum of pure propene as before, confirming that the propene adsorption
process has been completed successfully without oligomerization. A close
examination of the spectrum does show one difference from the free propene
data, namely the splitting of the =C-CH3 torsion mode from a single peak at
221 cm™ to a complex feature with peaks at 200, 216 and 230 cm™'. From the three
peaks in the 140 K spectrum, we can deduce that the propene is present in

multiple environments in this sample, potentially representing internally and
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externally adsorbed propene. Above 250 cm'! differences between the free and
140 K adsorbed propene spectra are minor; peak assignments therefore
correspond to those given in Table 3-4. In addition to the methyl torsion, modes
of particular importance are the vinyl scissors mode at 429 cm' (§) and the vinyl

torsion at 584 cm™ ().

After heating the sample to 200 K (Figure 4-19(b)) some changes are visible
despite the QENS data suggesting that this temperature lies below the point
at which significant changes in sample mobility start to occur. The most
notable change is the splitting of the 585 cm™' peak, corresponding to the
twisting motion of the propene C=C bond, into a pair of peaks at 581 cm™ (1)
and 600 cm™' (¥). This is attributed to the formation of an intermediate
consisting of a propene hydrogen-bonded to a Brgnsted acid site through the
m orbitals of the C=C double bond, with this intermediate being responsible
for the higher energy peak in the doublet and the remaining physisorbed
propene being responsible for the 581 cm™' signal. The formation of such
hydrogen-bonded intermediates as the first step in the oligomerization
reactions of light olefins over acid zeolites is reported in the literature. 4%
171-172 Although the H-bonded transition states are only observed
experimentally in these reactions at low temperatures, this is regarded as a
spectroscopic limitation due to their transient nature at higher temperatures.
Computational studies confirm that H-bonded m-complexes remain a necessary
first intermediate in the oligomerization reaction mechanism at temperatures

closer to industrial conditions.*

An increase in overall spectral intensity relative to the spectrum at 140 K is
also observed, consistent with an increase in the amount of hydrogen nuclei in
the neutron beam. Since the sample cell at this point in the experiment is a
closed system, the most likely source of the additional hydrogens is from the
adsorption of propene previously located in the headspace of the sample cell
into the zeolite. No further intensity increases relative to the 200 K spectrum
are observed for the following temperature points indicating that all the
propene is adsorbed at 200 K and above. Further evidence for this is provided
by the shift of all the methyl torsion intensity into the peak at 200 cm™" (*),

indicating that all the propene present is now in the same external
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environment and that the 200 cm™' peak in the 140 K spectrum represents the
fraction of the propene which is within the zeolite pore network at that
temperature. Since neither the methyl torsion (*) nor the vinyl =CH; scissors
modes (8) are split in the same fashion as the C=C torsion (f,f) the hydrogen
bonding in the intermediate does not appear to be strong enough to affect

modes which do not involve the C=C bond itself.

Further heating to 215 K (Figure 4-19(c)) and 225 K (d) does not result in
significant changes, although some transfer of intensity occurs between the
581 and 600 cm' peaks, indicating a slight increase in the proportion of
hydrogen-bonded propene and confirming this entity to be the intermediate
responsible for the higher energy peak. Reaching 240 K (e) results in new
changes, namely a reduction in the intensity of peaks associated with the vinyl
group, most clearly observable with the vinyl scissors mode at 430 cm™' (§),
and the shifting of some of the intensity in the methyl torsion peak to a higher
value (235 cm™') consistent with the change in internal effects on the transition

energy from being part of a longer chain length.

At 255 K (f) a broad oligomer longitudinal acoustic mode becomes visible above
the level of background noise at 155 cm™'. It is also clearly apparent at this
temperature that there is now a further reaction step operating which
consumes the C=C bond, as evidenced by reductions in the intensities of the
vinyl modes (§,1,%), and leads to the formation of methylene modes,
particularly the in-phase rock at 728 cm™' (1). This confirms the initiation of
the oligomerization reaction step; taking difference spectra of the higher
temperature data (Figure 4-20) highlights these changes and indicates that the
oligomerization has actually begun by 240 K. The growth of peaks in the
methylene region of the spectrum continues until the final spectrum is achieved
at 293 K. Some propene molecules remain to contribute to the spectrum at
temperatures as high as 270 K, although at this temperature the 581 cm™' vinyl
peak has been completely suppressed, so the propene is purely present in the

hydrogen-bonded intermediate form.
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Figure 4-20: Difference plots of selected spectra from Figure 4-19 relative
to the spectrum at 200 K (a): (b) = 240 K; (c) = 255 K; (d) =270 K
and (e) = 293 K. All spectra reproduced at the same scale.

4.2.2.2 A Reaction Mechanism for Linear Propene Oligomerization:

Taken together, these results can be interpreted as signifying that the
oligomerization reaction proceeds via a three-step mechanism consisting of:
(i) initial formation of an olefin hydrogen bonded to an acid site as an
intermediate (as signified by the C=CH; torsion at 600 cm), followed by
(ii) protonation of the bonded olefin to form a carbocation and (iii) subsequent
oligomerization of that carbocation to form the final product. This mechanism is
summarised in Figure 4-21. The large temperature range from 200-240 K where
the hydrogen bonded intermediate is stable is consistent with the report that it is
the olefin protonation that forms the rate-limiting step in olefin
oligomerizations.® 6% Although step (ii) of the reaction is observed to commence
at a temperature close to the boiling point of free propene (225 K), this is believed
to be a coincidence. Other studies of low-temperature propene oligomerization
over H-mordenite report temperatures for the initiation of this phase of the
reaction which are lower by over 40 K, indicating oligomerization can take place

well below the free propene boiling point.4’
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Figure 4-21: Reaction scheme showing 3-step mechanism for oligomerization
of propene over ZSM-5 at exterior active sites producing
branched oligomers (a) and interior sites producing linear
oligomers (b). Exterior mechanism adapted from Spoto, et al.,*
interior mechanism from Chen and Bridger.?¢

It is in step (iii) that we encounter the differences between the oligomerization

patterns observed in the literature by infrared methods and by INS in this study.
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The formation of the hydrogen-bonded intermediate is a prerequisite in both
reactions: the fact that the non-bonded vinyl torsion disappears first proves
hydrogen bonding is a necessary first step in our results, while the infrared studies
report similarly.® The subsequent protonation of the hydrogen-bonded propene
to form a carbocation, which forms the reactive centre for the subsequent
oligomerization, is likewise common to both. Step (iii) always consists of the
addition of additional propene monomers to the carbocation to form the product
oligomer. Spoto et al. report that this oligomerization produces a product with
approximately equal quantities of CH3 and CHz groups based on an analysis of the
C-H stretch modes in the infrared spectra. This is consistent with the mechanism
being a simple stepwise addition forming polypropene, shown as mechanism (a) in
Figure 4-21. However, the strong evidence of long linear chains and lack of
countervailing evidence for chain branching in our INS results, indicates that this
cannot be what is occurring in our sample and the methyl side chains are instead
being incorporated into the oligomer backbone prior to the reaction proceeding
to further oligomerization steps. Such primarily linear products have previously
been observed using NMR by van den Berg et al. at 300 K,'”3 and by Chen and Bridger
at higher temperatures up to 503 K in ZSM-5 samples where the surface acid sites
have been selectively deactivated;?® they propose a 1,2-hydride shift mechanism
which positions the cationic charge adjacent to the methyl branch, allowing its
incorporation into the chain backbone through a protonated cyclopropyl
intermediate, as shown in Figure 4-21(b). Both of these reactions are driven by the
greater heat of adsorption of linear chains in the ZSM-5 pores. The series of three
sequential 1,2-hydride shift reactions which are included after the cyclopropyl
rearrangement are not necessary for the initial dimer formation but are necessary
to reposition the carbocation charge at the accessible C; position following the
addition of the third and subsequent propene molecules. Hydride shifts of this form
are known to contribute to the rearrangement of long aliphatic carbocations and

such a mechanism adequately explains our experimental results.

The reason for the difference in mechanisms is not purely an effect of reaction
temperature, since the study by Chen and Bridger finds evidence of linear
oligomerization at temperatures higher than those reported to cause polypropene

formation by Spoto.# Instead the evidence appears to suggest that what we are
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seeing represents a distinction between zeolite surface chemistry and that taking
place in the interior pores. Both previous studies reporting linear oligomerization
were NMR-based and in the case of Chen and Bridger involved a zeolite which had
its exterior acid sites selectively deactivated by blockage with bulky pyridine
adsorbents.?% 7! In contrast, the study by Spoto et al. is likely to over-emphasise
effects which occur at the zeolite surface because it utilised zeolite crystals which
are unusually small (20-50 nm) with a correspondingly high exterior surface area.*
It therefore seems likely that propene oligomerization on acid sites at or near the
surface of zeolite crystals is unconstrained and produces polypropene-type
oligomers, while that which occurs inside the pore structure is subject to steric
constraints which favour rearrangement to a linear geometry, which dominates

the product observed by bulk techniques such as NMR and INS.

For this experiment, examination of the shape of the positive peaks in the
difference spectra indicates that the reacted oligomers exhibit the broadened
shape characteristic of the final long-chain alkane product mixture
(Figure 4-14(a)) even at the lowest temperature where reaction occurs
(Figure 4-20(c,d)). Combined with the continued presence of propene molecules
up to 270 K it can be deduced that the propene oligomerization reaction is
extremely slow at temperatures below 270 K, but that the reaction proceeds to
yield alkoxide oligomers in the same range of final chain lengths regardless of
temperature. This hypothesis is consistent with the fact that kinetic studies of
alkene oligomerization report carbocation chain length as not having a noticeable
effect on the activation energy required for the further addition of an additional
alkene onto the carbocation chain.'®® The system being in an equilibrium condition
which shifts with increasing temperature is not a suitable explanation since
B-scission reactions are universally reported to become more significant with
increasing temperature, which would result in a decrease in average chain
length. 8 168 Systems where B-scission is a significant contributor are also reported
to result in a product stream which is primarily olefinic in character at
temperatures lower than 500 K.'72 Since neither of these observations are the case
for this system it can be concluded that, for this catalyst, cracking reactions do
not make a significant contribution in the temperature range investigated and the

intermediate character of the hydrocarbon-zeolite system in the 225-270 K



182 Olefin Interactions in H-ZSM-5

temperature range is purely due to slow kinetics of the oligomerization reaction
at these temperatures. Since the length of the oligomer chains is not temperature-
dependent, it is most likely determined by steric effects from the zeolite pores.
As previously noted, from the fact that the ratio of peak heights in the final
spectrum does not exactly match any available model compound spectrum for
linear alkanes, it can be concluded that multiple alkoxide chain lengths are
present. While it is possible to obtain an estimate of the average straight chain
length in bulk or aqueous linear oligomers from the energy of the longitudinal
acoustic mode peak,'’317> this analysis requires knowledge of the density and
Young’s modulus of the material in question. The inability to separate the
oligomers from the surrounding zeolite framework therefore precludes the

application of this technique in this case.

4.2.3 Propene Dynamics Studies:

Accurate investigation of the dynamics of propene in ZSM5-FR is somewhat
constrained by data availability. Breakdowns in the ISIS synchrotron and spallation
target system prevented the acquisition of high resolution QENS data during the
beam time allocation used to collect the dataset presented in Figure 4-18; this
means that no QENS data suitable for fitting analysis exists for cryogenically
loaded propene prior to oligomerization. Data does exist for propene loaded at
room temperature, however, this experiment was performed prior to gaining a
full understanding of the oligomerization behaviour of propene in ZSM5-FR;
therefore, while the sample was not loaded in such a fashion as to prevent all
oligomerisation, it was also not allowed to react at 293 K long enough to proceed
to completion before cooling to base temperature. The result of this is that the
sample undergoes a second round of oligomerization after heating above 300 K,
as visible in the EFWS results (Figure 4-22). The data at 373 K is contaminated by
the results of this ongoing reaction which remove any pattern in the QENS data.
The data at 273 K is unaffected and that at 323 K also proved amenable to analysis,
although Figure 4-22 shows that it still has some degree of contamination and the

results at this temperature should be treated cautiously.
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Figure 4-22: Elastic fixed window scan data for propene in ZSM5-FR from 20-
300 K after dosing at 293 K. Data recorded on OSIRIS with
energy transfer window for integration + 12.5 peV.
Temperatures where higher resolution spectra were recorded
are highlighted.

Both the 273 K and 323 K spectra fit to a single Lorentzian model and produce
results similar to those of the 1-octene oligomer in Section 4.1.2, with the
broadening being due to partially mobile uniaxial rotation of the oligomer within
the zeolite pore channels. Figure 4-23 presents the resulting I and EISF vs Q
relationships, with the fit parameters given in Table 4-2. It can be seen that both
the speed of rotation and the proportion of oligomers participating is higher than
achieved by the 1-octene oligomers at the same temperature. This can be
attributed to shorter chain lengths in the sample due to both the incomplete
oligomerization and the overall lower number of carbon atoms in the system due

to the smaller size of propene.

Table 4-2:  Summary of dynamical parameters derived from QENS data
fitting for the combined ZSM5-FR / propene system.

Temperature p r D,
(K) " (peV) (s
273 0.236 38.0 5.78x10"

323 0.478 49.5 7.52x10"
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Figure 4-23: QENS fit results for propene in ZSM5-FR at 273 K (a) and
323 K (b). (i): Variation of Lorentzian linewidth (') with Q.
(i1): Variation of EISF with Q. Dotted lines represent fits to a
model of partially-immobile uniaxial chain rotation; I', D, and
pm values derived from these fits are given in Table 4-2.

Based on these results it can be assumed that the dynamics of the propene
oligomer product are very similar to those observed for 1-octene above, except
with a slightly higher degree of movement at each temperature due to shorter
average chain lengths. Based on these differences being minor, and the rotation
of the oligomer not having any relevance to catalytically interesting chemistry, it
was not considered worthwhile to employ limited QENS instrument time to more

fully characterise them.

4.3 Determining Dynamics in ZSM5-FR by Alternative
Methods:

Due to the various effects outlined above, it has therefore not been possible to
directly determine the dynamics of olefin mobility in ZSM5-FR by QENS methods.
However, being able to obtain an estimate of these dynamics is still a worthwhile
target both to draw conclusions on movement in fresh catalysts directly and to
provide a baseline level of mobility for comparison with the mobility in less active

zeolite systems considered in later chapters. It is therefore necessary to turn to
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methods of investigating movement in ZSM5-FR indirectly by studies of inert

models for the olefins under consideration and by computational simulations.

Since the issues with the QENS studies above lie in the complications arising from
the reactivity of the alkene group on the olefin molecules used it is possible to
obtain an estimate of the mobility of propene and 1-octene in ZSM-5 by
investigating the dynamics of the corresponding alkanes. These will, in theory,
have higher mobility than the olefins they are standing-in for due to lacking the
additional effects of the hydrogen bonding between the vinyl group and the zeolite
acid sites, and also being more flexible due to the absence of a C=C bond. These
effects will be especially pronounced when comparing propene to propane due to
the vinyl group constituting a greater proportion of the overall molecule. As noted
in Section 1.3.2, there have been numerous QENS studies of alkane diffusion in
zeolites; we have made use of this literature where practicable and employed
QENS resources primarily to expand the available datasets to more closely match

the temperature and loading ranges employed in the studies above.

Use of the molecular dynamics force field described in Section 2.2.2.2 allows the
simulation of the movement of both alkenes and alkanes in the appropriate size
range. Since the MD force field contains no provision for reaction, the investigated
temperature range will only correspond to the actual behaviour of the alkenes at
temperatures below the lower limit for oligomerization, but diffusion constant
estimates should prove reasonable approximations within this limitation. As with
the inert model QENS studies, the trend will be to overestimate the actual mobility
of the alkene systems due to the cumulative effect of the simplifications built into

the computational system to render it suitable for processing.

4.3.1 Models for Cz3 Movement:

4.3.1.1 Propane QENS in ZSM5-FR:

The QENS literature on the diffusion of propane in MFI structured zeolite
frameworks has some inconsistencies in its results. At a temperature of 300 K
experiments by Silverwood and Sakai report that propane in ZSM-5 (Si:Al ratio

30:1) is mobile and moves by a jump diffusion mechanism with an average jump
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length of ca. 2.9 A and a self-diffusion constant of 5.2 x 10° m2s1.174
Unfortunately, this study was performed with a very high (and potentially non-
constant) level of propane loading in the sample based on flowing propane through
a zeolite bed at 48 cm3min' and 1 bar, then stopping the gas flow to collect a
‘static’ mobility measurement. Exact values for the final propene loading in this
study were not provided, so its utility for direct comparisons with our results is
somewhat limited since self-diffusion is inversely proportional to sample loading
due to congestion effects.”? A separate study by Jobic et al. has a more
representative loading but was performed using Na-ZSM-5, and the larger size of
the sodium counter-ion relative to hydrogen likely explains why the measured
diffusivity in this study is considerably lower at 1.3 x 10 m2s1.%° Both studies do,
however, agree on the propane diffusing by a jump mechanism. Molecular
dynamics studies report results broadly in line with the first of these QENS
experiments;'7>176 although MD involves a considerable number of simplifications,
particularly in the case of these studies which simulated a pure SiO; silicalite
framework without acid sites, they do support the conclusion that propane likely
diffuses in H-ZSM-5 by a jump diffusion mechanism with a diffusion constant in the
region of 5 x 10 m2s™! at 300 K. These literature results are summarised in Table

4-3 for easier comparison.

Table 4-3: Comparison of values for the diffusion parameters of propane

in MFI-structured zeolites taken from the literature. ./(r?2)
represents mean jump distance, t residence time between jumps.

Loading T J(r?) D:
(mol/u.c.) (ps) (&) (m%s™)

Silverwood and Sakai.”* QENS  H-ZSM-5  Unknown 3 2.8 5.2x10°

Source Method Zeolite

Jobic, et al.® QENS  Na-ZSM-5 4 90 3.84 1.3x10°
Nowak, et al.'” MD Silicalite 8 - - 4.1 x10°
Leroy, et al."® MD Silicalite 4 - - 4x10°

In order to collect comparable EFWS data and mobility at the temperatures of
greatest interest, a 2.583 g sample of ZSM5-FR was subjected to QENS analysis
from 20 - 370 K with high resolution spectra collected at 20, 170, 220 and 370 K
(see Section 2.1.3.4 for method.) The propane loading level was 2.343 x 103

moles, equivalent to 4.73 propane molecules per unit cell. Comparison of the
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EFWS results with those obtained for the cryogenically-loaded propene / ZSM5-FR
system discussed in Section 4.2.2.1 above (Figure 4-24) shows that, as expected,
the propane spectrum shows considerably higher mobility than the propene
equivalent and exhibits no signs of any reaction chemistry occurring up to the
maximum temperature of the test. From 20 - 180 K the rate at which propane
gains mobility with increasing temperature is higher than that of the propene
trace, likely due to different melting behaviour of the solid propane. From 180 -
ca. 220 K there is a brief temperature window where both samples appear to be
in the liquid phase but the propene oligomerization reaction has not yet begun;
comparing the relative elastic intensities in this region indicates that the overall
mobility of propane appears to be approximately twice that of propene under the

same conditions.
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Figure 4-24: Elastic fixed window scan data for propane in ZSM5-FR from 20-
370 K (a) compared with the EFWS for propene in ZSM5-FR from
Figure 4-18 (b). Propane data recorded on IRIS with energy
transfer window for integration + 8.75 peV; relative intensities
normalised against values at the lowest temperature to allow
comparison. Temperatures where higher resolution propane
spectra were recorded are highlighted.

The QENS data at 170, 220 and 270 K had the zeolite contributions removed by

subtraction of the unloaded spectra and were fitted for analysis. The data at all
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Figure 4-25: S(Q,w) functions

between graphs.

at selected values of Q for propane in ZSM5-FR
at 170 K (i), 220 K (ii) and 270 K (iii) showing deconvolution into
resolution function (a), quasielastic Lorentzian (b) and linear
background (c) contributions. S(Q,w) axis scale is identical
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three temperatures is best described by a combination of the resolution and
background functions with a single Lorentzian as in the oligomer studies above,
however, the intensity of the quasielastic contributions, both Lorentzian and
linear background, is considerably higher. The resulting S(Q,w) functions include
strong contributions from both immobile propane at low Q and moving propane

across the entire Q range, as shown in Figure 4-25 for selected Q values.

0.12 \JFE JET, S SR e, L i RO PR, it e U T, R, S, ST S /SR, JEE R F S, S e, v IS, ST e
] 1 §(C):
0.10- |
_ . ¢ ¢ - phbg
] 22y -8 b)]
0.08- 22" i ﬁﬁﬁﬁ e
] ’§,*§ H.—EI"E__E _____ ( )_
< 1 %3 _B-m” o a)
% 006 J glzﬁ' .JI"E —a-_m_n__n_z_p---ifnm— B
g v.vo- . B 0. o _
= l < - a "
= . .o
] o iE
0.04 o, & %" :
] 52,7
o o
0.02| ]
0.00 -" e r ey vt e r v e eyt Tt rorT
0.0 0.5 1.0 i5 90 25 3.0 35
Q" (1/A%)

Figure 4-26: Variation of Lorentzian linewidth (I') as a function of Q? for
propane in ZSM5-FR at 170 K (a), 220 K (b) and 270 K (c). Dotted
lines represent best fit of the data to the Singwi-Sjolander
model using the parameters given in Table 4-4.

Figure 4-26 shows the variation of the Lorentzian HWHM parameter as a function
of Q%; it can be seen that the behaviour is similar at all three temperatures.
Although all points lie well clear of the IRIS resolution limit at 17.5 peV, the
Lorentzian fit is unreliable below approximately 0.75 A2 due to low intensity. The
presence of a zeolite Bragg peak in the 2.6 A2 < Q? < 2.9 A? range results in a
large decrease in the signal:noise levels in the subtracted propene-only function
due to much stronger contributions from the immobile zeolite. This leads to
increased noise in the final results and tends to overstate the amount of
broadening in this region, resulting in the anomalous values observed in the 220 K
data. The type of non-linear Q* dependence observed here is characteristic of

broadening due to jump diffusion, with the present case most closely
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corresponding to the model of Singwi and Sjolander. This proposes a system where
the scatterers perform periodic jumps between low-energy positions but are also
able to oscillate around those positions between jumps, with the peak width

variation given by:

1 2(,-2
re) = Q(r?)

6T 1+1(Q2(r2)) (*3)

where T is the residence time between jumps and (r?) the mean square jump
length.'”7 A least-squares fit of the data to this equation gives the traces shown
as the dotted lines in Figure 4-26. Table 4-4 presents the derived values for t and
(r?), together with calculated values for the self-diffusion coefficient. Since the
Singwi-Sjolander model involves a range of jump lengths the self-diffusion

constant is calculated from the mean square jump length by:

)

D, = — 4.6

Table 4-4: Summary of diffusion parameters derived from QENS data
fitting for propane in ZSM5-FR.

T T [(r2) Ds
(K) (ps) R) (m?s™)

170 8.01 277 1.60 x 10°

220 6.45 267  1.84x10°

270 5.17 251 2.03x10°
(m32_1) 3.00 x 10°

The differences in jump length distribution may be regarded as being within the
level of experimental error in the fit analysis, meaning that the process which is
being modelled by this Lorentzian corresponds to propane diffusing through jumps
of approximately 2.7 A length with the time between jumps decreasing with
temperature. This jump length indicates that the jumps in this motion are not
occurring between pore intersections in the zeolite framework, which are
separated by 9 A in the straight [010] channels and 12 A in the [100] channels, but

represents movements on a shorter length scale. Since the distance is also less
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than the diameter of the 10-ring framework window which forms the limiting
radius of the zeolite pores (5.1 x 5.5 A in the narrower sinusoidal channel) it is
likely that propane-propane interactions play an important role in determining the
favoured jump length. The values for the diffusion coefficients follow a linear
Arrhenius relationship across the temperature range investigated (Figure 4-27)

allowing an estimate of 0.89 kJ mol' to be made for the activation energy of this

motion.
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Figure 4-27: Arrhenius plot of the self-diffusion coefficients of propane in
ZSM5-FR at 170, 220 and 270 K showing a linear relationship
across this temperature range. Line of best fit to the
experimental data shown as the dotted line, giving an
activation energy of 0.86 kJ mol™' for this motion.

Extrapolating this relationship gives an estimated self-diffusion coefficient at
300 K of 2.10 x 10 m2s'!, meaning that these results lie in the middle of the QENS
literature values in Table 4-3. This also matches well with the literature
computational results, since as noted MD simulations will generally return an
upper limit estimate of sample diffusivity. Calculated jump lengths are essentially
identical to those reported by Silverwood and Sakai,'”# suggesting that we are
observing the same motion as reported in that study, but with a longer residence
time between jumps. The reason for the longer residence time is somewhat less
clear; it may be connected to differences in the sample loading but in order to

develop more detailed theories it is necessary to understand exactly what motion
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we are observing and where in the zeolite it occurs, information which can be

provided by our own computational simulations.

4.3.1.2 C3z MD Simulations in ZSM-5 Framework:

Simulations were performed of both propane and propene molecules in a ZSM-5
zeolite framework using the force field parameters and simulation procedure
described in Section 2.2.2.2 and 2.2.2.3. The simulated system incorporated 4
adsorbate molecules per ZSM-5 unit cell, with starting positions prior to
equilibration in both the straight and sinusoidal channels in order to ensure an
even distribution of the adsorbates. Simulations were performed at 170, 220 and
270 K to match the QENS investigations, with additional simulations at 300 K to
provide a direct comparison with literature data and at 320 and 370 K to extend
the range of information to match that of the EFWS analysis. It should be noted
that the propene simulations at 270 K and above lie above the minimum
temperature for oligomerization and therefore do not correspond to the system
as it will behave in reality. They are included in order to provide a wider range of
comparison points between the alkene and alkane dynamics in order to better

understand the effect of the double bond on the zeolite-hydrocarbon interactions.
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Figure 4-28: Average mean squared displacement versus time for propene in
H-ZSM-5 at a loading of 4 molecules per unit cell calculated at
simulation temperatures of 170K (a), 220 K (b), 270K (c),
300 K (d), 320K (e), and 370 K (f).
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Accurate calculation of diffusion constants from the statistics of molecular
dynamics simulations requires simulation lengths long enough that the system
achieves true diffusive motion and the mean squared displacement (MSD) of the
adsorbed molecules becomes linear with respect to time. As shown in Figure 4-28
for the propene simulation, when averaged over all 32 hydrocarbon molecules the
systems studied here achieve this for essentially the entire simulation runtime and
the MSD, and hence self-diffusion coefficient, may be calculated from the data in

the 1-5 ns region.
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Figure 4-29: Arrhenius plot comparing diffusion constants derived from MD
and QENS methods. Simulations of propane (a) and propene (b)
in H-ZSM-5 framework are compared to QENS results for
propane in ZSM5-FR (c). Literature values of propane diffusion
in different environments from Table 4-3 are included for
comparison: QENS measurements of diffusion in H-ZSM-5 at a
high but undefined loading level by Silverwood and Sakai'’# (d),
of diffusion in Na-ZSM-5 at more comparable loading levels by
Jobic et al.®® (e) and the results of comparable MD simulations
of diffusion in silicalite by Nowak et al.'> (f). Dotted lines
represent linear fits of the MD data in the 170 - 270 K region to
determine E; (g,h) and in the 300 - 370 K region to make the
different relationship in this region more apparent (i,j).

Examining an Arrhenius plot of the available diffusion data (Figure 4-29), it can be
seen that the simulations exhibit a slightly different T vs. Ds relationship in the
300 - 370 K region than that in the 170 - 270 K region which aligns with the
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availability of QENS data, something likely attributable to the effect of the
adsorbates entering the gas phase. Linear fits of the three lower data points have
been used to derive the activation energy of the movement in this region for

comparison with the QENS results with the values summarised in Table 4-5.

Table 4-5:  Self-diffusion coefficients (Ds) and activation energies (Ea) for
propene and propane in H-ZSM-5 calculated from MD results.
Values for propene marked (*) are above the minimum
temperature for oligomerization in real systems and so the
reported Ds values will not be observable experimentally. The
ratio of the propane MD values to the propane in ZSM5-FR QENS
data in Table 4-4 is provided for comparison.

- D (m%*s™") Ratio
MD : QENS
(K) Propene Propane (Propane)
170 8.80 x 107"° 7.41 x 1071° 0.46 : 1
220 1.23 x 107 1.09 x 107 0.59: 1
270 *1.60 x 107 1.43 x 107 0.70 : 1

300 *1.83 x 107 1.62 x 10°
320 *1.97 x 10° 1.75 x 10°
370 *2.35 x 107 2.08 x 10°

(m’ig-1) 4.44x10°  4.28 x 10°
E, 2.29 2.49 2.80 : 1
(kJ/mol) : : 80

It can be seen that the diffusion constants for the propane simulation are slower
than both the values from the literature and, where equivalent data exists, those
derived from QENS analysis. The differential relative to the QENS results is clearly
due to the activation energy in the MD simulations being almost three times higher
than that estimated by QENS, with the result that the differential between QENS
and MD results decreases sharply with temperature. Extrapolation of the Arrhenius
trends in Figure 4-29 suggests that the MD predicted mobility would exceed that
measured by QENS if data collection was performed above 400 K. The MD

simulations performed here also give values considerably below those in Table 4-4.

An additional issue with the MD simulation data can be seen by comparing the
values reported for the propene and propane simulations, which shows the

propene simulation as having a higher mobility. Although the difference between
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the two simulations is small at 10 - 15 %, it is consistent across the temperature
range and is also reflected in the activation energies derived for each system. A
hypothesis consistent with these results would be that the force field used in these
simulations overestimates the magnitude of interactions between the zeolite
framework and alkane carbons and hydrogens and underestimates the magnitude
of the zeolite-alkene interactions. This results in the diffusion behaviour of the
simulation being dominated by overly strong steric effects, resulting in the under-
prediction of mobility in both cases, with the slightly smaller propene molecule
resulting in a higher level of mobility which outweighs the individually stronger
zeolite - alkene potentials. In order to rule out the possibility of the lower mobility
being due to the opls2005 force field predicting excessively strong hydrocarbon-
hydrocarbon interactions, a simulation was performed where the intermolecular
hydrocarbon potentials were replaced with terms taken from work by O’Malley
and Catlow that achieved close agreement with QENS measurements of octane
(see below);”* the results of this simulation matched those in Table 4-5 to within
10 %, indicating that this cannot be the cause of the reduced mobility in these

simulations.

Figure 4-30: Centre of mass positions for a molecule of propene diffusing in
ZSM-5 at 270 K as simulated by MD showing preferential
positioning outside pore intersections. Positions logged at 5 ps
intervals over 1 ns simulation time.

Although the mobility of the MD simulations does not appear to closely match the
experimental data at the macro level, examination at the micro level does provide
some potential insight into the question raised above concerning the source of the
ca. 2.8 A jump length observed in the majority of the QENS experiments

considered. Examination of the trajectories of the molecules in the simulation



196 Olefin Interactions in H-ZSM-5

indicates that they appear to prefer to spend the majority of the simulation time
inside the pore channel sections of the zeolite (Figure 4-30). While in these
locations the molecule performs small jumps which do not involve it entering the
channel intersections or coming into close proximity to the pore walls, and the
size of this apparent radius of confinement is approximately 3 A, corresponding to
the jumps observed by QENS. Transitions across the intersections to enable longer-
ranged diffusion occur at longer time intervals which would likely not be
observable by experiments on IRIS or OSIRIS. It is therefore likely that it is this
type of localised motion which is being observed by QENS measurements, and the
excessively strong interactions in the MD force field reduce the measured mobility
by increasing the residence time between these jumps. The fact that this force
field has greater success in describing the movement of Cg species (see
Section 4.3.2.2) may be due to the larger molecules not fitting entirely within a

single pore volume, reducing this effect less significant.

4.3.2 Models for Cs Movement:

4.3.2.1 Octane QENS Literature:

QENS literature on the movement of gasoline-range alkanes in MFI structured
zeolites is both more comprehensive and more up-to-date than that available for
propane. Of particular note, a 2000 study by Jobic provides information on the
movement of octane in H-ZSM-5 with both a range of temperatures and sample
loading level that closely match those used in this thesis.”? The reported self-
diffusion constants are approximately 40 times smaller than those measured for
the movement of 1-octene in the bulk phase in Section 3.3.1, a difference which
seems reasonable given the likely effect of confinement within the zeolite pore
network. They are also ca. 25 % of those reported for similar movements in
silicalite by Jobic and Theodorou,”" although the degree to which this disparity is
due to the acid sites cannot be determined with complete accuracy since the
effect of differing sample loadings also contributes. Exact values are reproduced
in Table 4-6 together with values derived from MD simulations by O’Malley and
Catlow; these simulations are performed under identical conditions to the

silicalite QENS study and achieve a close overall agreement by MD standards, being
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approximately 3x faster than the experimental values due to the lack of defects,

edge effects and silanol nests.”# This study is also important because it is the

source of the flexible zeolite parameters which forms the basis of the force field

used in the simulations in this thesis following modification with terms to simulate

Bransted acid groups as described in Section 2.2.2.2. Based on the availability of

this data it was decided to forgo additional QENS measurements of the

octane - ZSM-5 system to allocate available instrument time to higher-priority

measurements.

Table 4-6: Comparison of values for the self-diffusion constants of octane
in MFI-structured zeolites taken from the literature.

Ds (m%s™")

300K 350K 400 K

Loading
Source Method Zeolite (mol /
u.c.)
Jobic.” QENS  H-ZSM-5 5
Tﬁlggé%fonud 71 QENS  Silicalite 1.56
O’Malley and L
Catlow.” MD  Silicalite 1.56

5.2x 10" 8.0x10" 1.1x10"

2.0x10™ 2.8x10" 3.9x10"

6.0x 10" 8.8x10" 1.1x10°

4.3.2.2 Cs MD Simulations in ZSM-5 Framework:

Table 4-7:  Self-diffusion coefficients (Ds) and activation energies (Eq) for
1-octene and octane in H-ZSM-5 calculated from MD results.
Fitting for E; and Do values excludes the 170 K data point due
to melting point issued with 1-octene.

T Ds (m?s™)
(K) 1-octene Octane
170 2.91 x 107° 2.97 x 10°71°
220 4.35 x 10710 4.47 x 10710
270 5.90 x 10°1° 5.77 x 10°1°
320 7.55 x 107° 7.24 x 10710
370 8.92 x 10°1° 8.94 x 10°1°
(me§_1) 2.57 x 10° 2.72 x 107
E. 3.20 3.42

(kJ/mol)
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Simulations were performed for both octane and 1-octene at a loading level of 4
molecules per unit cell; the framework was ZSM-5 using the model described by
Section 2.2.2.2 as before. Simulation temperatures were 170, 220, 270, 320 and
370 K. Results are reported in Table 4-7 and Figure 4-31, with the Arrhenius plot

including data from Table 4-6 for comparison.
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Figure 4-31: Arrhenius plot comparing simulations of octane (a) and
1-octene (b) in H-ZSM-5 framework to literature results for
octane measured in H-ZSM-5 by MD (c) and QENS (d). Literature
MD results taken from O’Malley and Catlow,’# QENS results from
Jobic.”?

Two facts are immediately apparent. Firstly, the differences between the
1-octene and octane simulations are much smaller, on the order of 10 % the size
of the differences observed between propene and propane. As a result, these
differences likely lie within the margin of experimental error as can be seen by
the fact that which simulation is more mobile varies between temperature points.
This is, as noted above, an expected effect of the fact that 75 % of the adsorbate
molecule is identical between the two systems and the effect of the alkene bond
will therefore be correspondingly small, even without accounting for the possible
over-emphasis on alkane interactions tentatively identified from the propane /
propene data. Secondly, the results obtained are in reasonably close agreement
with the results of the MD simulations from Table 4-6 in the range where data

exists for comparison, validating the results of our Cg MD simulations against
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published data. The lower activation energy which is observed for our simulations
is attributed to greater flexibility in the simulated octane chain. The cited study
uses a force field with a quite stiff alkyl backbone due to high energy barriers in
the C-C-C-C dihedral parameters; this results in channel switching by the octane
molecules only being observed at 350 K and above. The parameters used in this
study result in higher chain flexibility, with channel switching being observed
down to 220 K.

4.4 Summary:

When adsorbed into a fresh zeolite sample the high activity of ZSM5-FR is capable
of triggering rapid oligomerization of both propene and octene even at quite low
temperatures. In the case of propene this reaction can occur at temperatures as
low as 225 K, although the amount of oligomer formation only becomes large
enough to be noticeable in the vibrational spectrum at temperatures of 240 K and
above. INS investigations have allowed clear observation of the deformation
modes of both the final oligomer product and, in the case of propene, the
intermediates formed during the oligomerization reaction. These results indicate
that the oligomerization reaction proceeds via a two-step mechanism with the
formation of a hydrogen-bonded intermediate as a first step. This intermediate is
then protonated, which forms the rate-limiting step in the reaction, to form a
zeolite-bonded carbocation which is the reactive centre for the further addition
of alkenes to form the oligomers. At low temperatures the carbocation undergoes
rearrangement after each stepwise addition to incorporate side branches into the
chain backbone, forming linear oligomer products. The chain growth process is
still too rapid to be observed in progress at all temperatures and the ultimate
chain termination length is believed to be dictated by pore steric effects,
evidenced by the fact that the same product spectrum is produced regardless of
the dosing temperature up to 373 K. The resulting bonded alkoxides are in the

long oligomer / short polymer length scale.

The effects of the oligomerization reaction prevent the measurement of the
mobility of propene or 1-octene in ZSM5-FR but do allow the reaction to be

observed in progress through the resulting change in sample mobility and allows
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the determination that a temperature-dependant proportion of the product
oligomers is able to undergo uniaxial rotation within the zeolite after formation.
The use of inert analogues has proven more successful and has allowed the
collection of data on the movement of propane in ZSM5-FR, showing that from
170 - 270 K it undergoes short jumps on the order of 2.8 A with a residence time
between jumps determined by temperature. These results are broadly in
agreement with previous publications in the literature. MD simulations using the
model from Section 2.2.2.2 have proven able to simulate Cg species with good
accuracy but are less accurate in the simulation of smaller C3 species, possibly
due to an improper parameterization of the zeolite-olefin interactions. In order
to test this hypothesis, it is necessary to gain an understanding of the effect of
the Brensted acid sites on the hydrocarbon interactions and resulting dynamics;
the attempts to address this question were not entirely successful and are
therefore presented in Appendix 2. The next chapter moves forward to consider
the effect of framework de-alumination on the interactions of zeolites with

adsorbed hydrocarbons.
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Chapter 5. The Effect of Catalyst Aging on Zeolite-
Olefin Interactions

In industrial use, zeolite catalysts undergo progressive loss of acidity over the
course of the catalyst lifetime due to hydrothermal de-alumination of the zeolite
framework and associated removal of acid sites. This naturally has subsequent
effects on reactivity and motion of adsorbed hydrocarbons due to reduced acid-
hydrocarbon interactions, with resulting changes to catalytic activity and
selectivity. Zeolite samples with equivalent properties to extensively used FCC
or oligomerization catalysts may be prepared by accelerated aging of the fresh
catalyst by steam treatment at high temperature. We here report the
preparation and characterisation of a series of these aged zeolites and the
comparison of their olefin interactions with the results for the fresh zeolite
considered in Chapter 4. The results obtained illustrate the rapid nature of the
initial de-alumination and point toward the poor nature of fresh zeolite samples

as models for actual catalysts after any significant degree of time-on-stream.
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5.1 Effects of Hydrothermal De-Alumination on ZSM-5:

The acid site density and the mean diffusion path within a zeolite catalyst are the
most important factors in determining how it interacts with reactive substrates.
This in turn determines its catalytic activity because of the positioning of the
reaction within the pore network governing how it is affected by shape selective
effects as discussed in Section 1.2. As mentioned there, these acid properties do
not remain constant throughout the catalyst’s useful lifetime as hydrothermal
conditions in catalytic use result in partial de-alumination of the zeolite
framework, with a corresponding reduction in the number of acid sites and
increased mesoporosity due to removal of portions of the framework.3? The effects
of this loss of acidity in leading to improved selectivity, stability and even activity
in steamed zeolites relative to studies performed using fresh materials have been

reported in several studies.34:3% 178

The rate of de-alumination is first order with respect to the number of aluminium
substitutions within the zeolite, meaning that loss of acidity is initially rapid
before the catalyst achieves a pseudo steady state level of acidity which it
occupies for the majority of its active lifetime.3' Theoretical studies of the
hydrothermal mechanism suggest that it proceeds in a stepwise fashion for each
bond of the aluminium T-atom.'”® Water is initially adsorbed onto the Al atom at
an anti-position to the Brensted acid bridge (Figure 5-1(a)). This leads to an Al-O
hydrolysis through a 1,2-dissociation of the adsorbed water molecule which
converts the Brgnsted site to a silanol and protonates one of the remaining Al-O-Si
bridges (Figure 5-1(b)). This process may then be repeated to break the remaining
three oxygen bridges, generating a silanol nest in the place of the aluminium
T-atom and an extra-framework aluminium (EFAl) entity. This stepwise
mechanism is important because it means it is possible for an aluminium site in
the zeolite to be in an intermediate state, where it is partially removed from the
framework. However, the increased flexibility of these partially removed
aluminium sites renders the energy barrier to additional hydrolysis reactions lower
than that of the first reaction.'”® Therefore, at least in theory, the majority of the

aluminium sites in a partially de-aluminated zeolite should be either fully removed
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from the framework or unaffected, with partially hydrolysed aluminium atoms

being a minority species.

q ) N\
(a) ((b)
H
H o
Y 2,
O--H 1
%, LSRN %, o o”‘AI\Or‘J
0, 0, /O—H /I'Arl 3 o) \
Oy VAP 2w Al— O
’\’l/\ov/AI (0] H,0 ’v\noy/Al [e] (0] . H
H—0O -~ = H-O — = H-G s HO
\Si—O \Si—O \Si—O \Si—O
Wo‘g % WO‘(')) % OV Ty Wo‘g %
o ~ o o
\ J U J

Figure 5-1: Reaction scheme for the breaking of an Al-O(H)-Si bridge in an
acid zeolite by hydrolysis. Mechanism adapted from
Silaghi et al."”®

It is evident that knowledge of how these framework changes affect fundamental
properties, such as diffusion and acid site bonding in the zeolite, is therefore key
to understanding the catalytic activity and the mechanism of zeolites in industrial
use at any point in time beyond their initial reactivity. Fortunately, changes due
to de-alumination from catalytic use can be simulated by deliberately inducing
de-alumination of fresh zeolite by steam treatment. In studies of the MTH
reaction, experimental tests have shown that steam treatment of a zeolite under
a given set of conditions produces a final material with similar levels of aluminium
removal to a sample used catalytically for the same length of time under the same
conditions.'® It is therefore possible to generate model zeolite materials whose

properties closely match those of used or partially-deactivated catalysts.3' 33, %

Thus, in order to investigate the effects of acid site loss, a series of partially de-
aluminated zeolite samples was prepared in order to compare their properties
with the results obtained from investigations of ZSM5-FR as reported in earlier
chapters. Since the first order rate of the de-alumination reaction means that
catalysts will spend the majority of their catalytic lifetime in a significantly de-
aluminated state, steam treatment conditions were deliberately chosen in order
to induce a high level of acid site loss. Two steaming protocols were used,
depending on the availability and capabilities of sample preparation equipment.
As detailed in Section 2.4.3, the resulting zeolites are designated ZSM5-ST(873K)
and ZSM5-ST(1073K) for unambiguous reference. The first step is therefore to
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characterise the properties of these treated materials and how they relate to
those of ZSM5-FR.

5.1.1 Characterisation of Steamed Catalysts:

Table 5-1 summarises the results of the characterisation analyses, which confirm
that both steam treatment protocols have resulted in extensive de-alumination of
the treated zeolite framework. It is also clear that the properties of both treated
materials are remarkably similar despite the differences in steaming temperature
and duration. In particular, the key parameters of framework aluminium level and
Brgnsted acidity are identical to within the limits of accuracy of the

characterisation measurements.

Table 5-1:  Comparison of the structural and acid properties of ZSM5-FR,
ZSM5-ST(873K) and ZSM5-ST(1073K) as established by zeolite
characterisation measurements.

Z7Al NMR Ammonia TPD BET Surface Area
Total AlO4 .

Sample Relative Relative S(lsl?tr:;l Br(e;?tset:d Micropore  Total

Intensity Intensity 1u.¢) 1u.¢) (mZg™) (m%g™)
(£ 0.03) (£ 0.03) : .

ZSM5-FR 1.00 0.91 2.62 +0.26 2.31+£0.12 248+9 370+ 11
ZSM5-ST(873K) 0.66 0.21 0.21 £0.05 0.12+0.02 221 +5 357 + 22
ZSM5-ST(1073K) 0.74 0.24 0.23+0.06 0.13+£0.02 234+13 332 +4

When measured by Z7Al NMR and compared against the spectrum of ZSM5-FR
discussed in Section 3.1.2.3, both steamed samples show the signals assigned to
the 4-coordinated AlO4 species which constitute the framework aluminium located
at 53.4 ppm and octahedral extra-framework aluminium (EFAL) species, although
the EFAL signal has shifted from -1.8 ppm to being centred at ca. 2.5 ppm and has
broadened considerably.33 0 Fitting of the NMR data to a Lorentzian function for
each peak across the range -50 - 100 ppm was carried out in order to determine
the peak intensities at each shift value and the overall intensity in each sample;

fit parameters are given in Table 5-2.
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Figure 5-2: 27Al NMR spectra of ZSM5-FR (a), ZSM5-ST(873K) (b) and
ZSM5-ST(1073K) (c) showing changes due to loss of framework
aluminium in the steamed samples.

Table 5-2: Lorentzian fit parameters for NMR spectra in Figure 5-2 used to
derive relative intensities for each 2’Al environment.

Peak 1 (AlO4) Peak 2 (AlO¢) Peak 3 (intermediate)
Sample . r Rel. r  Rel. r Rel.
0 Area 0 Area 0 Area

ZSM5-FR 53.4 5.1 1.000 -1.8 5.1 0.080 32.7 7.1 0.017
ZSM5-ST(873K) 54.5 12.8 0.227 2.7 12.8 0.180 29.8 21.9 0.309
ZSM5-ST(1073K) 54.0 13.1 0.259 1.9 14.3 0.230 29.4 21.9 0.320

In the spectrum for ZSM5-ST(873K) the AlO4 peak shows a reduction in intensity of
77% relative to that of ZSM5-FR, representing a matching percentage reduction in
the number of framework aluminium nuclei. The corresponding decrease in
framework aluminium for ZSM5-ST(1073K) is 74 %, although the difference
between the two samples is smaller than the experimental error. While the
steamed spectra show an increase in the intensity of the AlOs peak, it is also clear
that there is an additional, broad peak centred at ca. 30 ppm in both. The exact
species responsible for this signal is a matter of debate; it has been assigned to
the distorted pentahedral-type geometries generated by the partially removed Al
T-atoms described above, '81-182 byt also attributed to the presence of EFAL species

with distorted tetrahedral geometries. '8 However, regardless of this uncertainty,
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it is accepted that both possibilities represent an environment intermediate
between the framework and AlOs states.3! Re-fitting of the ZSM5-FR spectrum with
the presence of this peak being taken into consideration reveals it to be present
at just-detectable levels in the pre-treatment material as well (Table 5-2).
However, even accounting for the contributions of all these environments there is
a reduction of 25-35% in the overall signal intensity of the steamed samples
relative to the fresh material. Since EFAl species are not reported to be mobile
enough to leave the zeolite framework without additional treatment,33 it can be
surmised that the additional EFAl generated by the steam de-alumination process
remains present in the sample in a number of different environments, a proportion
of which are subject to second-order quadrupolar interactions which render them
invisible to NMR detection, despite the high MAS frequency employed. Generally,
this ‘NMR-invisible’ fraction of the EFAL is attributed to the presence of clustered

aluminium species containing multiple nuclei.3" 33, %
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Figure 5-3: Infrared spectra of ZSM5-FR (a), ZSM5-ST(873K) (b) and
ZSM5-ST(1073K) (c) recorded by DRIFTS. Spectral intensities
normalised with respect to the silanol framework peak at
1875 cm'.

Further characterisation shows that this de-alumination has had the expected
effect of significantly reducing the level of Brgnsted acidity. Infrared analysis

(Figure 5-3) shows a large reduction in the peak at 3595 cm', assigned to the O-H
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stretch of the zeolite Brgnsted acid groups, with a slightly smaller reduction in
the signal for the terminal silanol O-H species on the exterior of the crystals at
3736 cm™' in both steamed zeolites.3' The signal due to O-H groups associated with
extra-framework aluminium (EFAL) species, visible as a shoulder to the Brensted
peak at 3655 cm! in the ZSM5-FR spectrum and an overlapping peak at the same
position for ZSM5-ST(873K) and ZSM5-ST(1073K) does not change significantly
between the samples indicating that the EFAL species generated do not contain a
significant quantity of O-H groups. These observations, combined with those
drawn from the NMR data, are consistent with results in the literature which
report that the pore structure of ZSM-5 favours the agglomeration of released
aluminium into polymeric aluminium species rather than the octahedral
aluminium-oxy-hydrides which make a significant contribution in steam-treated

large pore zeolites such as zeolite HY.%
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Figure 5-4: Ammonia desorption vs temperature trace for ZSM5-FR (a),
ZSM5-ST(873K) (b) and ZSM5-ST(1073K) (c). Peaks represent the
desorption of ammonia molecules chemisorbed to silanol groups
from 400-600 K and those bound to Brensted acid sites from
650-900 K.132

Ammonia TPD analysis of the samples confirms the results observed in the infrared
data, with significant reductions in the population of both Brensted acid and
silanol -OH groups. Both steamed samples show the same pattern of two distinct

populations of ammonia, assigned to molecules chemisorbed to silanol and
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Bransted -OH groups, as was observed for ZSM5-FR (Section 3.1.2.2)."32 It can be
seen that the final effect of the steam treatment is a 94-95 % reduction in the
acid site population relative to ZSM5-FR and a 91-92 % reduction in the number of
silanol groups which are active for ammonia chemisorption, with differences
between the two steamed samples being too small to be meaningful. It is notable
that this reduction in acid sites is considerably higher than the value for the loss
of framework aluminium derived from the NMR data. The reduction in the size of
the silanol peak also indicates that the silanol nests generated by the de-
alumination mechanism in Figure 5-1 are not active for the chemisorption of
ammonia, presumably due to steric hindrance around the newly generated silanol
sites. Examination of the shape of the ammonia desorption curves, shows that the
maximum of the desorption peak assigned to the Brgnsted groups lies at 770 K in
all cases and that all samples retain chemisorbed ammonia at temperatures up to
950 K, indicating that the peaks represent ammonia interacting with the same
type of acid groups in each case and that neither of the peaks in the steamed

samples are due to adsorption on EFAL species.
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Figure 5-5: XRD pattern recorded for ZSM5-ST(873K) (a) compared to that
of ZSM5-FR taken from Figure 3-1 (b). A = 1.5406 A.

In contrast to the extensive chemical changes, there is little evidence of changes
to the zeolite structure due to steam treatment. Comparing the powder XRD
patterns of ZSM5-FR and ZSM5-ST(873K) shows that the steamed material exhibits
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some minor broadening of the diffraction peaks but no significant changes in bulk
structure (Figure 5-5). XRD data for ZSM5-ST(1073K) is not available at the same
high resolution, but screening measurements using a benchtop XRD instrument
(Rigaku Miniflex 600) suggest similar properties to ZSM5-ST(873K).
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Figure 5-6: Adsorption (V) and desorption (A) isotherms for nitrogen on
ZSM5-FR (a), ZSM5-ST(873K) (b) and  ZSM5-ST(1073K) (c)
showing increased hysteresis in steamed materials.

Table 5-3:  Comparison of porosities of ZSM5-FR, ZSM5-ST(873K) and
ZSM5-ST(1073K) as calculated from isotherm data.

Micropore Mesopore External Total
rface Surface
Sample Surface Surface Su
P Area V‘::ﬁn?f‘ Area Vc:rl:;n):e Ar;e_a1 Arze_a1

ZSM5-FR 248+9 0.101+0.003 72+2 0.032+0.001 50+14 370z 11
ZSM5-ST(873K) 221 +5 0.085+0.002 90+3 0.044+0.002 46+23 357 +22
ZSM5-ST(1073K) 234 +13 0.089+0.005 29+2 0.028+0.002 69+14 332:4

BET gas adsorption experiments using N; as the adsorbent gas, reveal that the
effect of steaming is to increase the hysteresis in the isotherms, an effect which
is more pronounced for ZSM5-ST(1073K) than for ZSM5-ST(873K) (Figure 5-6). Both
the overall surface area and the proportion of that surface area which represents
micropore channels of < 3.5 A diameter are reduced in the steamed materials
relative to ZSM5-FR. In the case of ZSM5-ST(873K), the magnitude of this reduction
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lies below the degree of accuracy available, but the overall trend in the isotherms
suggests that it is a real effect (Table 5-3). Results for ZSM5-ST(1073K) suggest
that loss of surface area is occurring primarily in the mesopore channels, which
suggests that it may potentially be due to EFAL species restricting the access of
the N2 to portions of the framework. Analysis of pore size distributions is of limited
utility due to the limitations of analysing microporous materials with N; as the
adsorbent gas, however, the lack of a significant increase in sample mesoporosity
indicates that the surface area loss is not caused by breakdown of the zeolite

framework, consistent with the XRD results.

Taken together, these results indicate that the zeolite framework, and thus the
overall microporous structure, remains intact despite the removal of the majority
of the aluminium in both steamed samples due to the fact that these represent
only ~2.1 % of the framework T-atoms. The broadening of the XRD pattern for
ZSM5-ST(873K) indicates that the removal of aluminium sites occurs essentially at
random, increasing the amount of noise in the diffraction pattern. Both steam
treatments therefore produce an artificially aged sample, representative of a
catalyst towards the end of its steady-state activity in industrial use. The
properties of the bulk-treated sample prepared at Johnson Matthey
(ZSM5-ST(1073K)) are close enough to those prepared by the smaller scale batch
treatment procedure at ISIS (ZSM5-ST(873K)) to allow results from experiments

performed using each material to be meaningfully compared.

5.2 Propene Behaviour in Steamed ZSM-5:

The first model compound to be tested with steam-treated zeolite was propene
due to its greater ease of handling. Since it was expected that the reaction
chemistry would be comparable to that observed for ZSM5-FR in Chapter 4, i.e.
oligomerization of the propene once the sample achieved a sufficiently high
temperature, the system was investigated by both INS, to observe the

oligomerization reaction, and QENS, to check for any changes in sample mobility.
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5.2.1 Changes in Oligomerization Activity:

The zeolite sample used for INS measurements consisted of ZSM5-ST(873K) which

was loaded with 4.8 propene molecules per ZSM-5 unit cell at 140 K and tested in

a repeat of the stepwise heating experiment used to observe the reaction

intermediates in ZSM5-FR in Section 4.2.2.1. Owing to the reaction being expected

to be less active, the range of temperatures investigated was extended, with

additional measurements being performed after heating to 300 and 325 K. The

resulting spectra are presented in Figure 5-7.
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Figure 5-7: TOSCA INS spectra of propene after absorption into

ZSM5-ST(873K) at 140 K (a) then following further heating to
the indicated temperatures: (b) =260 K; (c)=270 K;
(d) = 280 K; (e) = 290 K; (f) = 300 K and (g) = 325 K. Spectra are
offset in the y-axis for clarity.
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The INS data collected allows us to follow the oligomerization reaction of propene
in progress within ZSM5-ST(873K) in the same manner as Figure 4-19 allows for
ZSM5-FR (the reader is cautioned that when comparing Figure 4-19 and Figure 5-7
the assignment of spectrum colour to sample temperatures is different between
figures.) The assignment of modes is also identical to the earlier experiment
(See Table 3-4).

It is immediately apparent from Figure 5-7 that the reduction in acidity observed
in the characterisation of ZSM5-ST(873K) has had the expected effect of reducing
its ability to catalyse olefin oligomerization at low temperatures. Whereas the
ZSM5-FR reaction was observed to commence at ca. 225 K, with temperatures
above 270 K resulting in oligomerization occurring fast enough that only the final
product is observable if propene is introduced at this temperature, in this case
the first unambiguous sign of oligomerization activity is not observed until the
sample has been heated to 290 K, when the in-phase rock mode of the oligomer
rises above the level of background noise (Figure 5-7(e)). The continued presence
of weak contributions from unreacted propene in Figure 5-7(g) suggests that the
reaction remains incomplete even at the highest temperature investigated by INS
(325 K). The conclusion drawn is that the reduced acidity of ZSM5-ST(873K) means
that higher energies are required to initiate the protonation of the propene, which
is believed to be the process that represents the rate-limiting step in the

oligomerization reaction.8 169

Figure 5-7 also exhibits some differences to the behaviour previously observed for
propene oligomerization in the fresh catalyst prior to the initiation of the final
oligomer formation. Specifically, the formation of the hydrogen bonded propene
intermediate and associated splitting of the propene vinyl torsion peak at
temperatures as low as 40 K below the temperature required for propene
protonation is not observed in this case. Since the reaction mechanism of the
oligomerization in unlikely to have been altered, the most probable explanation
is that the reduced number of acid sites means that the population of H-bonded
propene in ZSM5-ST(873K) is insufficient for the bonded species to be visible in
the INS spectrum even when all acid sites are occupied. These differences in

reaction behaviour result in slight differences in the composition of the product
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Figure 5-8: INS spectra of the final product of propene oligomerization in
ZSM5-FR (a) and ZSM5-ST(873K) (b) showing evidence of
increased average chain length in ZSM5-ST(873K). Both spectra
normalised to correct for differing sample masses and zeolite
contributions subtracted. Positions of methyl torsion (1) and
(-CH2-) in-phase rock (%) highlighted. Spectra offset in y-axis.

oligomer in each zeolite. As shown in Figure 5-8, although in both cases the final
product spectrum has the characteristic shape associated with the formation of a
primarily linear series of oligomer chains, the spectra exhibit different relative
intensities for the peaks in question. In particular, the reduced relative intensity
of the methyl torsion mode and increased contribution from the in-phase
methylene rock in the ZSM5-ST(873K) oligomer spectrum is evidence of a greater
average chain length than in ZSM5-FR. This is consistent with our previous
hypothesis that the average oligomer chain length is determined by steric effects
causing termination of the chain formation reaction. This is demonstrated by the
fact that the final product spectrum of propene oligomerizations in ZSM-5 samples
with the same level of acidity is not temperature dependant. Since the protonated
end of the oligomer is fixed in place at the location of the catalytic site, it is the
other end of the molecule which moves through the pore network as the chain is
extended by propene additions. For the majority of forming oligomers at interior
sites, the limitation on maximum length will occur when this end of the chain
encounters a pore channel which is already occupied by another molecule,

preventing further growth since the oligomer has no further room for expansion.
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Since ZSM5-ST(873K) has fewer, more widely spaced active sites, the forming
oligomer can extend further before intersecting another oligomer and having its

growth blocked, resulting in the observed increase in average chain length.

5.2.2 Propene Dynamics in Steamed ZSM-5:
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Figure 5-9: Elastic fixed window scan data for propene in ZSM5-ST(873K)

from 20 - 370 K (a) compared with equivalent data in ZSM5-FR

taken from Figure 4-22(b). Relative elastic intensities

normalised against the value at 20 K to allow comparison

between samples.

As in the case of the reaction in ZSM5-FR (Section 4.2.2), mobility changes from
the oligomerization of the propene will be visible in the QENS data due to
generation of a less mobile product. To obtain the same type of data on the
oligomerization as was achieved for ZSM5-FR, a 3.3 g sample of ZSM5-ST(873K)
was measured by QENS on the OSIRIS spectrometer. The loading level of the
sample in this case was 5.06 propene molecules per unit cell, which was loaded
into the sample at 200 K using the OSIRIS CCR and a gas handling stick with trace
heated gas lines. This temperature is higher than that used for earlier cryogenic
loadings, since the results obtained from the ZSM5-FR experiments show that it
will still prevent oligomerization while allowing faster diffusion of the propene

into the zeolite. EFWS data was collected from 20 - 370 K with high resolution
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data at 20, 170, 220 and 270 K. Unloaded spectra at the high resolution
temperatures were collected prior to sample loading and used to remove the

zeolite contributions to the final spectrum, as was done in the ZSM5-FR studies.

Comparing the EFWS results for propene in ZSM5-ST(873K) with the earlier results
(Figure 5-9) confirms the observations about oligomerization requiring higher
temperatures for initiation, that were drawn from the INS dataset. The first signs
of changes due to oligomerisation, are observed at 290 K with the deviation of the
elastic window trace from the linear decrease with temperature observed from
130 - 280 K, matching the first appearance of oligomer modes in Figure 5-7. Due
to the shorter data collection time at each temperature allowing continuation of
the testing to higher values, we can also confirm the tentative identification of
the continued presence of unreacted propene at 325 K in Figure 5-7(g), since
Figure 5-9 shows that the system does not achieve its final state with all propene
converted until 360 K. In addition to this decreased reactivity, the EFWS plot also
allows some examination to be made of the effect of the steam treatment on the
overall mobility of the propene in the two zeolites, most prominently that the
ZSM5-ST(873K) sample shows considerably higher mobility even at temperatures
below 200 K, where the effect of oligomerization does not contribute in either
sample. The majority of this difference is due to a more rapid increase in mobility
in ZSM5-ST(873K) from 20-140 K, at which point there is a visible inflection in the
Figure 5-9(a) trace above which the rate of mobility increase in each sample

appears similar.

The linear nature of the ZSM-5-ST elastic window plot from 130 - 280 K suggests
that the adsorbed propene is undergoing similar motions across this range and
provides the opportunity to characterise these motions in more detail by means of
the high resolution spectra collected at 170, 220 and 270 K. All spectra required the
inclusion of a linear background in addition to the resolution function. In fitting the
220 K and 270 K spectra, the remaining quasielastic component was adequately
described by a single Lorentzian, corresponding to a single motion occurring within
the resolvable time window. For the 170 K dataset this model did not produce an
acceptably close fit to the experimental data and better results were obtained by
use of two Lorentzian functions, one with similar Q-dependant behaviour to that

observed at higher temperatures and the second considerably broader. Examples of
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the fits obtained at each temperature are shown in Figure 5-10 for selected

Q values.
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Figure 5-10: S(Q,w) functions at selected values of Q for propene in
ZSM5-ST(873K) at 170 K (i), 220 K (ii) and 270 K (iii) showing
deconvolution into resolution function (a), first Lorentzian (b)
and linear background (c) contributions. The 170 K data
includes a second Lorentzian parameter (d). S(Q,w) axis scale
is identical between graphs.
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Figure 5-11: Variation of Lorentzian linewidth (I') as a function of Q2 for
propene in ZSM5-ST(873K) at 170 K (a), 220 K (b) and 270 K (c).
Dotted lines represent best fit of the data to the Singwi-
Sjolander model using the parameters given in Table 5-4.

In the case of the Lorentzian which is observed at all temperatures, Figure 5-11
shows the variation of its HWHM as a function of Q? displaying similar behaviour
at all three temperatures. The energy resolution of OSIRIS (25.4 peV) means that
the Lorentzian is indistinguishable from the elastic peak below 0.5 A2 at 170 K
and below 0.3 A2 at any temperature resulting in no HWHM points being available
below these values. The presence of the Bragg peak from the zeolite in the
2.6 A2 < Q2 < 2.9 A? range results in the usual anomalous values for the 220 and
270 K data due to the inferior signal:noise levels in the propene-only function once
the immobile contributions are subtracted. The Q? versus I relationship fits to the
same Singwi-Sjolander jump diffusion relationship as previously observed for
propane in ZSM5-FR in Section 4.3.1.1. Fitting of the data to this equation gives
the traces shown as the dotted lines in Figure 5-11 and the diffusion parameters
in Table 5-4. As was also the case for propane, the diffusion coefficients follow a
linear Arrhenius relationship across the temperature range investigated

(Figure 5-12) with the estimated activation energy being 1.86 kJ mol™" in this case.
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Table 5-4: Summary of diffusion parameters derived from QENS data
fitting for propene in ZSM5-ST(873K).

T T [(r2) Ds

(K) (ps) (&) (m?s™)

170 10.27 2.80 1.28 x 107

220 7.38 2.75 1.71 x 10°

270 6.10 2.76 2.08 x 10°

Do -9
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Figure 5-12: Arrhenius plot of the self-diffusion coefficients of propene in
ZSM5-ST(873K) at 170, 220 and 270 K showing a linear
relationship across this temperature range. Line of best fit to
the experimental data shown as the dotted line, giving an
activation energy of 1.86 kJ mol™' for this motion.

Examining the fit parameters shows that the propene molecules are also
undergoing a very similar motion to that observed for propane in ZSM5-FR, with
the typical jump distance remaining ca. 2.8 A and the differences in self-diffusivity
arising mainly from differences in residence time. The activation energy for
movement is approximately 1 kJ/mol higher than the propane / ZSM5-FR results,
presumably due to remaining acid-alkene hydrogen bonding. The propene /
ZSM5-ST(873K) system diffuses slower than the propane / ZSM5-FR system at 170
and 220 K but catches up to approximately the same level of mobility at 270 K.
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Contextualising these findings requires examination of how steaming also affects

propane behaviour and will therefore be discussed in further detail below.
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Figure 5-13: Variation of Lorentzian linewidth () as a function of Q? for the
second Lorentzian observed for propene in ZSM5-ST(873K) at
170 K showing Q-independent behaviour. Dotted line represents
the line of best fit.

In contrast to the first Lorentzian, the second Lorentzian, which is only observed
at 170 K, is considerably broader. This leads to some difficulty in separating its
contribution from the linear background resulting in the larger degree of
uncertainty in the I vs Q* plot shown in Figure 5-13, although the greater
magnitude of the energy transfer values in this case means that this Lorentzian is
wider and remains resolvable across the full Q range accessible on the instrument.
Within the limits of experimental accuracy, the I values appear constant and
independent of Q, indicative of this Lorentzian corresponding to a rotational
movement of the propene. The line of best fit to the experimental values provides
an estimate of the rotational constant for the motion of D, = 3.29 x 10" s™'. Due
to this Lorentzian not being observable at higher temperatures, we can surmise
that it represents a rapid rotation of the propene molecule that is only observable
at extremely low energies, and at higher temperatures moves quickly enough that
it is outside the instrumental dynamic window and so merges into the flat

background. This rapidity also explains why similar motions have not been
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reported in other studies in the literature, which generally only consider higher

temperatures.

5.2.2.1 Comparison with Dynamics of Propane:
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Figure 5-14: Comparison of EFWS data for: propene in ZSM5-FR (a); propene
in ZSM5-ST(873K) (b); propane in ZSM5-FR (c); propane in
ZSM5-ST(1073K) (d). Relative elastic intensities normalised
against the value at 20 K.

Comparing the propene in steamed zeolite mobility values obtained above, with
the inert model study of mobility in ZSM5-FR using propane reported in
Section 4.3.1.1, requires measurement of propane movement in a steamed
zeolite, to baseline the differences which are not due to changes in acid-double
bond interactions. Such an experiment was performed on the IRIS spectrometer
from 10 - 370 K, with high resolution spectra at 170, 220 and 270 K as before. The
steamed zeolite used in this case was ZSM5-ST(1073K) with a sample loading of
5.26 propane molecules per unit cell. The resulting EFWS plot (Figure 5-14(d))
shows the exact same trends observed for propane in ZSM5-FR (c) but with a
globally increased level of overall mobility due to the effects of the steam
treatment. The high resolution spectra were fit to the same single-Lorentzian
model as propane in the fresh zeolite and the resulting broadening conformed to

the Singwi-Sjolander jump diffusion model as before (Figure 5-15, Table 5-5). The
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average jump distance is marginally (0.1 A) reduced, but this is likely too small to
be meaningful, so the motion being observed likely remains the same in both
samples. The activation energy for propane diffusion in ZSM5-ST(1073K) predicted

from these measurements is 0.99 kJ mol .
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Figure 5-15: Lorentzian linewidth (') vs Q? for propane in ZSM5-ST(1073K) at
170 K (a), 220 K (b) and 270 K (c). Dotted lines represent best
fit of the data to the Singwi-Sjolander model using the
parameters given in Table 5-5.

Table 5-5:  Summary of diffusion parameters derived from QENS data
fitting for propane in ZSM5-ST(1073K). Ratios show relationships
to the QENS results for propane in ZSM5-FR (Section 4.3.1.1)
and propene in ZSM5-ST(873K) (Section 5.2.2).

D Rati :
T . S D, atio vs
K 2¢-1 Propane in Propene in
®) (Ps) (A) (ms™) ZSM5-FR  ZSM5-ST(873K)
170 7.27 2.79 1.78 x 107 1.11:1 1.39: 1
220 5.73 2.64 2.02 x 107 1.10 : 1 1.18 : 1
270 4.99 2.63 2.31 x 107 1.14 : 1 1.11:1
Do 3.54 x 10° 1.18 : 1 0.75: 1

(m’s™)
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Figure 5-16: Arrhenius plot comparison of diffusion constants for: propene
in ZSM5-ST(873K) (a); propane in ZSM5-FR (b); propane in
ZSM5-ST(1073K) (c).

Comparing the propane results, the effect of the steaming has been to raise the
self-diffusion coefficient of the propane by approximately 10 % relative to its
value in the fresh zeolite. This is in agreement with the difference in relative
elastic intensity between the two samples in the 170 - 270 K region, indicating
that this increased jump diffusion accounts for the entirety of the increased
mobility experienced by propane. The activation energy for propane diffusion does
not change significantly between the two samples and the magnitude of what
change does occur (0.09 kJ mol'") may lie within the margin of error of the
Arrhenius fit of the Ds data; this suggests that hydrogen bonding with the acid sites
does not have a significant effect on the mobility of alkane molecules under these
conditions and the increased mobility is primarily due to removal of the groups

from the pore channels resulting in decreased steric effects.

In comparison to the propane values, propene has lower overall mobility across
the temperature range, confirming that the MD simulations in Chapter 4 are
mistaken in this respect. The slower diffusivity is due to increased residence times
between jumps and the majority of this increased residence time is likely due to
hydrogen bonding with the remaining acid sites, as evidenced by the higher

activation energy of propene diffusion: as the temperature increases and the
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effect of such bonding on mobility becomes less significant the difference
between the propene and propane self-diffusion constants decreases. At
sufficiently high temperature it appears likely that the lower steric bulk of the
propene molecule will allow it to diffuse faster than propane in an equivalent
environment, as evidenced by propene having a higher Do value, but this does not

occur in the temperature range investigated here.

One additional anomaly which requires comment lies in a difference between the
trends in specific and overall mobility. Specifically, while the Ds value for propene
in ZSM5-ST(873K) is higher than that of propane in ZSM5-FR at 270 K (Figure 5-16)
the overall mobility of the propane sample, as measured by EFWS analysis,
remains higher across the entire temperature range (Figure 5-14). This is due to
both propane samples having a considerably higher level of intensity embodied in
the linear background fit parameter, representing motions too fast to be resolved
on the spectrometer used and, in this case, likely corresponding to molecular
rotations. Therefore, the propane samples have additional mobility arising from
higher levels of molecular rotations which appears in the EFWS data but not in the

Lorentzian fit which measures only the jump diffusion motion.

5.3 1-Octene Behaviour in Steamed ZSM-5:

Studies of the behaviour of 1-octene in steamed zeolite were less extensive due
to time constraints favouring the easier-to-handle propene experiments.
However, it was possible to collect both INS and QENS data on 1-octene in steam-

treated materials.

5.3.1 1-Octene Oligomerization Activity:

The INS sample consisted of 9.37 g of ZSM5-ST(873K) which was dosed with
1-octene to a level of 8.92 octene molecules per unit cell by means of a bubbler
arrangement. The sample was held at 200 K by immersion in dry ice during this
process in order to prevent any possibility of premature oligomerization. Purging
of the sample after loading was carried out with pure helium to remove any

1-octene not adsorbed into the sample. However, examination of the INS spectrum
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following installation on TOSCA revealed that the migration of the 1-octene into
the zeolite was incomplete at this temperature, as shown by the low spectral
intensity (Figure 5-17(a)). The sample was heated to 293 K for one hour which was
sufficient to allow the 1-octene to diffuse into the zeolite, as proven by the
intensity reaching the levels expected given the quantity of hydrocarbon within
the neutron beam. Examination of this spectrum (Figure 5-17(b)) confirms that
the steam treatment has reduced the ability of ZSM5-ST(873K) to catalyse the
oligomerization of 1-octene in the same manner as observed for propene above,
and that 293 K is now an insufficiently high temperature for oligomerization to
occur. With the exception of some peak broadening due to interactions with the
zeolite pore walls, the adsorbed spectrum at 293 K is therefore identical to the

molecular spectrum of 1-octene, with assignments as in Table 3-5.
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Figure 5-17: Spectrum of 1-octene following adsorption into ZSM5-ST(873K)

at 200 K (a) and the same sample after heating to 293 K (b)

compared with the spectrum of pure 1-octene (c). Spectra

normalised to the amount of octene in each sample and offset
in y-axis.

5.3.2 1-Octene Dynamics:

A QENS investigation of the 1-octene dynamics was carried out using a 2.73 g
sample of ZSM5-ST(1073K) in a QENS sample can with both top and bottom gas
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inlets to allow the sample to be loaded with 5 molecules of 1-octene per unit cell
using a bubbler arrangement and flowing helium. This was analysed on OSIRIS.
Unfortunately, equipment and time limitations prevented the exact duplication
of the earlier experimental protocol. The design of the flow-through sample
container required the use of PTFE gaskets for sealing; these can be used up to
400 K but will begin to leak if cooled below 150 K and then reheated due to
contraction of the gaskets. The test protocol was therefore adjusted to collect
data in the temperature range 150 - 370 K first, including high resolution spectra
at 270, 320 and 370 K, followed by cooling the sample to base temperature to
collect the resolution function and removing it from the instrument while still cold
immediately after data collection finished. This means that no EFWS data was
collected in the 20 - 140 K temperature range. Limited beam time availability
meant that it was also not possible to collect an unloaded background of the
sample prior to dosing, since this would cause the sample to amass a level of
induced radioactivity which would not decay sufficiently to allow loading within
the time available. This prevents the subtraction of the zeolite and cell
contributions to the QENS spectrum as was used in previous loaded zeolite
experiments; this is not, in principle, a catastrophic problem since the immobile
contributions should be embodied in the resolution function regardless, but it did

result in noisier data and a more difficult fitting process.

Comparing the EFWS data to that of bulk octene from Section 3.3.1 and the
oligomerized octene results from Section 4.1.2 shows that the mobility of the -
octene in the liquid phase is sharply reduced by its adsorption into the zeolite
(Figure 5-18). Conversely, in the two data points where data exists for both
experiments the mobility in the solid phase appears slightly greater in the loaded
system, presumably due to interactions with ZSM5-ST(1073K) disrupting the
1-octene crystal lattice and allowing for melting at lower temperatures. It can
also be seen that the final temperature of 370 K is just high enough to catalyse
some degree of oligomerization of the octene, evidenced by the decrease in
mobility in the final data point. This should not affect the validity of the base
temperature spectrum as a resolution function since the number of scattering
nuclei in the sample remains constant, but will influence the results observed by

fitting analysis at 370 K.
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Figure 5-18: EFWS data for 1-octene in ZSM5-ST(1073K) (a) compared with
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bulk 1-octene (b) and the oligomer formed by 1-octene in
ZSM5-FR at room temperature (c). Intensities normalised
against the value at 10 K for comparison.
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Figure 5-19: Lorentzian linewidth (I') vs. Q? for 1-octene in ZSM5-ST(1073K)

at 270 K (a), 320 K (b) and 370 K (c). Dotted lines linear fits of
each dataset to give the rotational constants in Table 5-6.
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Fitting analysis of the data showed a single resolvable Lorentzian, which exhibited
a constant value with respect to Q indicating a rotational motion (Figure 5-19).
The effect of the oligomerization is also clearly apparent as the speed of rotation
at 370 K is barely increased relative to the value at 320 K due to the effect of
oligomerization negating the greater kinetic energy due to increased
temperature. The EISF data was too noisy to allow a positive assignment of the
rotation responsible but it seems likely that it represents the uniaxial rotation of
the 1-octene molecules in the manner previously observed for oligomerization

products in Sections 4.1.2 and 4.2.3.

If this is the case, the rotation of the 1-octene is occurring approximately 1.5x as
fast as that of the 1-octene oligomer and 1.2x as fast as the propene
oligomerization product, in both cases due to the 1-octene having a shorter chain
length and thus being less strongly bound to the zeolite pore walls. It is not
possible to perform an Arrhenius fit of all three data points to extract the
activation energy of the rotation due to the contamination of the results at 373 K
by the partial oligomerization. Taking the slope between the 273 K and 323 K data
points only suggests that the activation energy for the rotation of the unreacted
1-octene in ZSM5-ST(1073K) is approximately 2.2 kJ mol-1, ca. 40 % of that of the
octene oligomer in ZSM5-FR. One possible conclusion which could be drawn from
this is that the mobile proportion of the octene oligomer products observed by
QENS in Section 4.1.2 are on average approximately twice as long as the 1-octene
chains we are observing rotate here, however the available data is too sparse to

assert with confidence.

Table 5-6: Rotational constants derived from QENS data fitting for
1-octene in ZSM5-ST(1073K).

Temperature D:
(K) (s
273 6.62 x 10"
323 7.72 x 10"

373 7.89 x 10"




228 The Effect of Catalyst Aging on Zeolite-Olefin Interactions

5.4 Summary:

These results show that the de-alumination of H-ZSM-5 zeolites has considerable
effect on its interactions with reactive olefin species. The two steamed zeolite
materials created, ZSM5-ST(873K) and ZSM5-ST(1073K), possess extremely similar
properties, despite the differences in their preparation methods and have been
used interchangeably. The most immediately noticeable effect of the reduction
in overall framework acidity in these materials is higher temperatures being
required to H-bond and protonate olefins to initiate the oligomerization reaction,
something observed for both 1-octene and, in greater detail, for propene. This is
despite the fact that characterisation of the acid groups by ammonia TPD suggests
that the individual acid sites have the same strength in both ZSM5-FR and the
steamed materials. The reaction appears to propagate at a similar rate to that
observed for ZSM5-FR, once the higher energies required to initiate it in either of
the steamed materials are reached. However, the product oligomer mix for
propene in ZSM5-ST(873K) shows evidence that the average chain length is longer
in steamed samples due to the greater separation of active sites resulting in less
steric restriction of maximum chain length due to intersection of the growing

oligomers.

QENS analysis shows that steaming increases the mobility of adsorbed
hydrocarbons. In all cases the geometry of the detected motions remains the same
as those detected in ZSM5-FR, indicating that the geometry of the motion is
dictated by the constraints of the zeolite pore network and these constraints are
not changed significantly by steaming. Instead, the effect of the steaming is to
reduce hydrogen bonding between the zeolite and the adsorbed molecules,
resulting in faster rotation of 1-octene and reduced residence time between jumps
for C3 species. Propene is found to diffuse slower than propane in an equivalent
environment due to the effect of interactions between the zeolite and the double
bond, although this effect becomes less pronounced at higher temperatures due

to the breaking of the remaining hydrogen bonds.

The differences in behaviour observed here illustrate the important distinction

between the reactivity of fresh acid zeolites and that of materials which are more
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representative of catalysts in industrial use, especially once they have reached
steady-state operating conditions. This chapter has only considered relatively mild
conditions and only one aspect of the olefin reactivity. The differences in
behaviour are likely to become even more pronounced at the higher temperatures
associated with cracking and isomerisation reactions, something which will be

considered in more detail in Chapter 6.
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Chapter 6: Neutron Spectroscopic Studies of
Olefin Conversions

Having established a clear dataset on the interactions of hydrocarbons over
zeolites and how these affect bond-formation reactions between olefins,
consideration is now given to reactions which occur at higher temperatures. The
reaction of propene at temperatures between 473 and 673 K is used to investigate
its role as an intermediate in methanol-to-hydrocarbons (MTH) chemistry, while
the cracking reactions of 1-octene are studied in order to better understand the
chemistry of the bond breaking side of cyclic reaction mechanisms in zeolites. In
the latter case, the effect of simulated catalyst aging by steam de-alumination
on actual reaction chemistry is also investigated. On-stream product analysis and
post-reaction testing allows determination of the likely catalytic mechanisms,
while INS spectroscopy allows new insights into the nature of the coke species
which form on the catalyst in use and the differences in reaction mechanisms
involved in the reaction of long and short-chain oligomers over H-ZSM-5 at

different temperatures.
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6.1 Olefin Reaction Testing:

Having completed our series of model compound studies, we now turn to the
application of the techniques developed to the more complex systems of zeolite
catalysts undergoing actual catalytic reactions. In order to do this, it is necessary
to increase the range of temperatures considered toward the 400 - 700 K range
where a number of industrial reactions operate. We still use propene and 1-octene
as model reagents, rather than the complex mixtures which are used as catalytic
feedstocks in industrial reactions, as this reduces the complexity of the reaction
scheme to levels where it can be analysed. The chemistry of 1-octene introduces
selective cracking reactions that are important in FCC industrial processes, while
the chemistry of propene conversion provides insights into aspects of methanol-

to-hydrocarbons chemistry.

6.2 Propene Oligomerization Reactions:

While propene is a target product for cracking of heavier hydrocarbons, its own
reactions over ZSM-5 are also of interest. Light olefin oligomerizations are related
to the methanol-to-hydrocarbons reaction through the reactions which form the
hydrocarbon pool in MTH chemistry. The source of the initial C-C bonds which
occur in the pool formation process has been a matter of some debate, and studies
suggest that propene, as well as other light olefins such as ethene, are the
products of these reactions.**#4 |t is the subsequent reactions of these olefin
products which form the starting population of the hydrocarbon pool, the

establishment of which completes the conditioning of the MTH catalyst.4>-46, 184

Howe and co-workers have recently shown that operando spectroscopic methods
can observe the formation of these transient olefin intermediates within H-ZSM-5
zeolites dosed with methanol even at typical MTH reaction temperatures.4’ The
same study also followed the subsequent consumption of the olefins to form higher
oligomers and cyclopentadienyl (CPD) cations, both of which are known to form
as part of the hydrocarbon pool cycle in MTH reactions,'® with the

cyclopentadienyl ions representing a key intermediate in the formation of
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aromatic product and hydrocarbon pool species. '8 |t follows that the products of
the propene/zeolite reaction system at temperatures typical of MTH reactions
(450-700 K)3¢ should therefore closely correspond to MTH product mixtures in
similar conditions, which are determined by the pore structure of the specific
zeolite employed. This study seeks to test this hypothesis and to extend the
reaction timeframe studied by an investigation of the reactivity of propene from
473-673 K over ZSM5-FR. On-line and ex-situ analysis enables determination of the
specific reactions occurring within the zeolite at each temperature and their
subsequent comparison with the reactions of methanol in similar zeolites, on
which there is an extensive literature. The use of INS allows the characterisation
of retained coke species on the catalyst, including those in the interior of the
H-ZSM-5 crystallites, in a manner similar to the observations of oligomerization

products described in previous chapters.

6.2.1 Propene Reaction Testing:®’

All reactions used ZSM5-FR as the catalyst and were carried out on the ISIS catalyst
preparation reactor (Section 2.3.2). Sample masses of ca. 17 g were used to
prepare sufficient reacted catalyst for both INS and ex situ analysis. Samples were
dried in situ by the procedure in Section 2.4.2 then reacted under a flow of 50 %
propene in helium at a WHSV of 1 h™' for a total of 6 hours on-stream, followed by
10 minutes of purging with helium alone to remove volatile products and residual
propene from the reactor. Inlet and outlet pressures were recorded and
remained at 1 bar (gauge) for the entirety of the reaction period in all cases.
The reaction product fractions that are condensable at 293 K were collected in
the reactor catch pot and the remaining products monitored using the reactor’s
integrated GC and MS analysis instruments (Section 2.3.2). After completion of
the test protocol, the reactor was sealed, cooled and transferred to an argon glove
box for sample recovery. Reactions were performed at temperatures of 473, 573

and 673 K; full details of each are given in Table 6-1.

The reacted catalyst samples were analysed on TOSCA using the standard INS
collection procedure, by gas adsorption isotherm analysis and by TGA (see

Sections 2.1.2.5, 2.5.2 and 2.6.3). Infrared spectra of the reacted catalysts were
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collected by DRIFTS (Section 2.6.1) at a temperature of 373 K to prevent water
adsorption during spectrum collection; monitoring of the infrared spectrum during
heating indicated that this temperature was insufficient to affect the composition
of the hydrocarbon layer in the samples. The condensable product fractions
collected in the reactor catch-pot were analysed to determine composition by
attenuated total reflectance infrared spectroscopy, ultraviolet-visible

spectroscopy and GC-MS analysis (Sections 2.6.1 and 2.6.2).

Table 6-1: Sample details and reaction conditions for propene conversion
reactions performed on the ISIS catalysis preparation reactor.

Reaction Mass Propene Helium Propene
Sample Designation Temperature Zeolite Flow Flow WHSV
(K) (g (cm®min) (cmPmin’)  (h)
ZSM5-FR_Prop_473K 473 16.49 147 147 1.0
ZSM5-FR_Prop_573K 573 17.02 151 151 1.0
ZSM5-FR_Prop_673K 673 17.47 155 155 1.0

6.2.2 Analysis of Propene Reaction Products: ¥’

The products of olefin conversion reactions over ZSM-5 are known to vary
significantly depending on the reaction temperature employed. Temperatures
below 500 K are known to favour the production of paraffins and olefins with linear
or partially branched structures,?* 2¢ while higher temperatures result in aromatic
compounds becoming more significant contributors to the product mixture with
temperatures of up to 700 K used in the olefins to gasoline distillate process. '
The reaction conditions employed here are therefore likely to result in three
different reaction regimes: (i) production of primarily linear products the 473 K
sample, (ii) a transitional regime in the sample at 573 K and (iii) the final,

aromatic-heavy product composition in the 673 K reaction.

The different reactivity of the three samples is readily apparent from the on-line
analysis of the products, with marked differences even in the percentage
conversion of the reactant. As shown in Figure 6-1 the catalyst is initially highly
active at all three temperatures, attaining conversions of greater than 95 % of the
propene feed as assessed by GC analysis. However, while the 573 K and 673 K

samples maintain this high conversion value for the duration of the test at 473 K



Neutron Spectroscopic Studies of Olefin Conversions 235

the catalyst rapidly undergoes a progressive deactivation that results in conversion

dropping to around 40 % after 6 hours.
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Figure 6-1: Percentage conversion versus time for the reaction of propene
over ZSM5-FR at 473 K (o), 573 K (o) and 673 K (<). Values
calculated from the concentration of propene in the reactor
effluent as determined by gas chromatography relative to that
when the reactor is bypassed.

The on-line analysis of the products of the reaction which remain in the gas phase
confirm that the catalyst is operating in a different reaction regime at each
temperature studied. Figure 6-2 shows the gas phase reaction products as
measured by mass spectrometry. The m/z signals measures are taken to indicate
the presence of fragments associated with product species according to the
scheme given in Table 6-2 Figure 6-2 shows the mass spectrometry traces across
the full length of the reaction period; this allows the identification of trends, but
results in complex graphs. To allow for easier comparison between samples,
therefore, the signals for the most significant products at time points at the

beginning and end of the reaction period are presented as bar graphs in Figure 6-3.
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Figure 6-2: Relative ion intensities from the analysis of the gas phase

products by mass spectrometry during operation at 473 K (i),
573 K (ii) and 673 K (iii) over the 6 hour duration of sample
preparation. Numbers on the plots indicate the atomic mass
numbers of each trace; assighments are given in Table 6-2.
Intensities are normalised against the signal for 4 amu (He) to
allow comparison between samples.
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Table 6-2: Assignment of mass spectroscopy signals in Figure 6-2 to
associated molecules. All alkene signals should be interpreted
as also including contributions from fragmentation of larger
molecules in the mass spectrometer.

Signal (amu) Associated Fragment
28 Ethene
41 Propene
44 Propane
55 Butene
58 Butane
70 Pentene
72 Pentane
78 Benzene
79 Dimethyl cyclopentadiene
84 Hexene
86 Hexane
91 Tropylium (subst. benzenes)
112 Octene
(only recorded for octene reactions)
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Figure 6-3:
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Intensities of selected mass spectrum signals from the traces
shown in Figure 6-2 after 1 (i) and 6 (ii) hours on-stream.
Intensities are averaged over 10 minutes up to and including the
indicated time.
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An example of the data obtained by GC analysis at each temperature is presented
as Figure 6-4; in each case the sample represented is the one taken closest to the
6 hours on-stream mark. It can be seen that we achieve good peak separation of
the light olefin components in the Poraplot Q column and of the substituted
benzenes via the wax column but are unable to resolve the C4+ alkyl components
which emerge as a set of overlapping peaks at short retention time in the wax
column trace. Neither of the molecular sieve columns produce data of interest.
The GC data therefore complements the MS analysis by providing two important
sets of information. Firstly, it provides a measure of the concentration of propene
in the product stream that is uncontaminated by fragmentation of larger products,
which can be used to accurately determine the percentage conversion of the
reactant as already discussed above. Secondly, it allows the contributions of each
substituted aromatic species to the overall tropylium signal observed in the MS
data (91 amu) to be evaluated. Figure 6-5 shows how the concentrations of
benzene and the various methylated benzenes in the product mix vary with time

for each reaction temperature.
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Figure 6-4: GC traces of samples collected at 6 hours on-stream for the
reaction of propene over ZSM5-FR at 473 K (a), 573 K (b) and
673 K (c). Separation columns are: (i) PoraPLOT Q; (ii) CP-Wax
52CB. The identities of significant peaks are highlighted.
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Figure 6-5: Concentration of methylated benzenes in the gaseous products

versus time measured by gas chromatography at 473 K (i),
573 K (ii) and 673 K (iii). Measured components are benzene (o),

toluene (o), o-xylene (<), m-xylene (A) and p-xylene (

Concentrations below 3 x 107 mmol/cm3ue are not consistently
resolvable from the GC baseline. The pattern in xylene

selectivity at each temperature is discussed on Page 260.
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6.2.2.1 Propene Vapour Phase Products — 473 K:

At 473 K the products are dominated by small olefinic fragments. The major MS
signal at all points is the 41 amu signal associated with propene and propyl
fragments, although the fact that this signal is high throughout the run, even in
the initial stages where propene conversion as measured by gas chromatography
remains high, indicates that the majority of contributions to this signal come from
the fragmentation of larger molecules. The second most significant product in the
early stages of the reaction is ethene (28 amu), while production of aromatic
products remains negligible throughout. On initial propene contact with the
catalyst, MS analysis shows an initial jump in the production of propane (44 amu),
which is mirrored at lower values by the signals associated with other alkane
molecules (Figure 6-2). However, this alkane production is short-lived and begins
a drop-off to negligible levels after 20 minutes time-on-stream, simultaneous with
the commencement of the decay in propene conversion observed in the GC data
(Figure 6-1). At the same time, there is a significant increase in the production of
heavier alkenes, with production of butene and pentene being particularly
significant. Since the production of hexene is also significant at this point, this
suggests that the catalyst is operating in a regime where propene oligomers (Ce
and Cy) form the major products, with fragmentation of the Co product occurring
in the mass spectrometer to give the C4 and Cs signals observed. The switchover
to this chemistry is complete by t + 30 minutes and the catalyst remains in this
regime for the remainder of the reaction, with the levels of non-propyl products

falling over time in line with the reduced propene conversion.

Although aromatic production is minimal, the GC concentration data shows that
the predominant substituted benzene products still vary over time. On initial
contact, the major aromatic product is toluene with some production of m-xylene.
After the same time period observed for the switch to C¢ and Co production in the
major alkene products, the level of toluene is observed to decrease and benzene
production begins to increase which makes it the major aromatic product by
+ 90 mins. Xylene production also drops steadily from this point until the end of

the reaction run.
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6.2.2.2 Propene Vapour Phase Products — 573 K:

The reaction profile at 573 K is markedly different. The activation time after
propene contact is reduced to approximately 10 minutes and does not feature the
production of saturated alkanes observed initially at 473 K. The zeolite achieves
its steady-state distribution of products by 15 minutes on-stream and maximum
production by + 30 mins. The 41 amu signal remains the largest, although it is
approximately one third as intense as at 473 K. The lack of any significant propene
peak in the GC data, means that propene conversion remains high and this MS
signal must be due to propyl fragments from larger products. The signal at 44 amu
is also considerably stronger, suggesting that some degree of propene
hydrogenation may be occurring. Ethene remains a major product, and aromatic
production is now significant with large signals for both the tropylium ion (91 amu)
and the benzyl ion itself (78 amu); as well as a noticeable population of dimethyl
cyclopentadiene (DMCPD), which is produced as an intermediate in the alkene
cyclisation process that forms aromatic species within zeolites.#” The
concentration of aromatics in the GC feed is two orders of magnitude higher than
at 473 K, with the major constituent being toluene and benzene being produced
at a similar rate to the xylenes. Xylene production continues to favour m-xylene
over o- or p-xylene, an effect which remains constant throughout the reaction
period. There is also a shift in product levels which occurs throughout the
reaction: minor decreases in aromatic production levels are accompanied by an
increase in the butyl and pentyl signals, suggesting that, while the catalyst does
not deactivate significantly over a 6-hour timeframe, it does indeed undergo a

change in reaction scheme toward one more similar to that observed at 473 K.

6.2.2.3 Propene Vapour Phase Products — 673 K:

The 673 K reaction reveals yet another product profile. Catalyst conditioning is
now a single step process with the product signals rising immediately to their
steady-state values. Levels of propyl fragments are significantly decreased and
the major products are now aromatics and ethene, while propane levels are
increased only slightly relative to 573 K. Similarly, xylene production remains at
the same level as at 573 K, and continues to favour m-xylene, with the increased

aromatic levels being due to increased amounts of toluene and benzene. Levels



242 Neutron Spectroscopic Studies of Olefin Conversions

of larger alkyl fragments are negligible, indicating that simple propene oligomers
are not major products. Product levels remain constant throughout the run with
no signs of catalyst deactivation or a shift in reaction scheme occurring at this

temperature.

6.2.2.4 Propene Condensable Products:
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Figure 6-6: Infrared spectra of the condensable product fraction from
reactions at 473 K (a), 573 K (b) and 673 K (c) collected by ATR-
IR. Spectra offset in y-axis for clarity. Inset shows the methyl
bending modes of the 473 K products in greater detail.

Analysis of the condensable product fraction collected in the reactor catch-pot
confirms the deductions made from the in situ monitoring. The infrared spectrum
of the condensable product, shown in Figure 6-6, is remarkably simple at 473 K.
No distinct peaks are observed above 3000 cm', indicating that the product
mixture is primarily alkanes with the four visible peaks in the C-H stretch region
being the symmetric and antisymmetric stretches of CH; (2871, 2956 cm™') and
CH; (2857, 2924 cm™").'8 The methylene scissors mode is present at 1458 cm™' and
the antisymmetric methyl bending mode at 1437 cm'. The fact that the symmetric
methyl bending is present both as the isolated mode from R-CH3 groups at
1377 cm™' and as the characteristic doublet formed by coupling between adjacent

groups in R-CH(CH3); at 1365 cm™ and 1383 cm™' (as a shoulder to the R-CH3 peak)
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indicates that the products consist of both straight chain and branched species.
Other modes in the spectrum are extremely weak, indicating that no primary
alkenes are present in the product mixture, although the presence of a peak at
968 cm™' and very weak absorbances in the 1640-1690 cm™' range indicates that
there may be small amounts of dialkyl alkenes. Vinyl groups of this
stereochemistry have quite weak peak intensities in infrared spectra and the
associated vC-H modes fall in the 2990-3020 cm™' range, so could be concealed by
the tail of the alkyl stretching peak.'® This would be consistent with the
condensable products at 473 K consisting of saturated alkanes and quite large
alkenes, resulting in a low level of sp? character. There is no evidence of
appreciable levels of aromatic products, which would result in C-H stretches at

energies of 3050 cm™' and above and strong modes in the 900 - 650 cm' region.
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Figure 6-7: GCMS traces of the condensable product fraction for the
reaction of propene over ZSM-5 at 573 K (a) and 673 K (b).
Identities of significant peaks are highlighted.

The products at 573 and 673 K exhibit all of the alkyl modes present in the 473 K
spectrum, but also add additional features due to the presence of aromatic
species. This is most clearly demonstrated by the presence of additional vC-H
modes at 3050 and 3017 cm™" which are stronger in the 673 K spectrum due to the

greater production of aromatics at this temperature. The rich nature of the
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aromatic spectra, particularly in the 600-800 cm™! region, confirms that multiple
substituted aromatics are present, due to the presence of modes at frequencies
associated with mono-, di-, and trisubstituted benzenes, as well as other modes
which indicate the presence of multiple isomers or larger species. GCMS analysis
(Figure 6-7) confirms the presence of tri-methyl benzenes, naphthalenes and
tetralins in significant quantities, although tetra-, penta- and hexa-methyl
benzenes are notably absent. These species were not present in the liquid
products of the 473 K reaction, which exhibits no significant peaks in the GCMS
trace using the column and analysis programme employed and has therefore been
omitted from Figure 6-7. UV-Visible spectroscopic analysis of the liquids indicates
the presence of trace quantities of polyaromatics as large as tricyclic species,
evidenced by the presence of peaks up to 380 nm (Figure 6-8), despite the fact
that durene is generally regarded as the largest species capable of diffusing out
of the zeolite pore in ZSM-5. Due to their low concentrations, these
polyaromatics products may represent propene conversion on exterior acid sites
where steric considerations are not relevant. The disappearance of the mode at
968 cm™' and lack of any additional modes in the 1650-1700 cm' or 3075-4000 cm™"
regions in Figure 6-6 indicates that linear or branched alkenes are even less
significant contributors to the condensable products at these higher reaction

temperatures than was the case at 473 K.
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Figure 6-8: UV-Vis spectra of the condensable product fraction for the
reaction of propene over ZSM5-FR at 473 K (a), 573 K (b) and
673 K (c). Analysed samples were 100 ppm solutions in
cyclohexane. The absorption ranges associated with typical
mono-, bi- and tricyclic polyaromatics are highlighted.

6.2.3 Analysis of Propene Coked Catalysts:

Ex situ analysis of the zeolite catalysts following completion of the reaction allows
examination of both the state of the catalytic acid sites and any retained species
which remain inside the zeolite pores. Due to the fact that the reactor was purged
with inert gas at the end of the 6 h reaction run, the non-zeolite species which
are observed in these measurements are those which are immobilised within the
pore network and which therefore contribute to catalyst deactivation through
pore blocking. For brevity, these species will be referred to by the generic

designation of ‘coke’ for the remainder of this section.
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Figure 6-9: DRIFTS infrared spectra of ZSM-5 catalysts after reaction at

Infrared analysis of the reacted samples by DRIFTS, shown in Figure 6-9, allows
examination of the vC-H and vO-H regions of the vibrational spectrum of the
catalysts. However, the usual problem of interference from the zeolite framework
means that only the strongest deformation modes of the coke are available for
analysis. This holds true even if difference spectra are used since the darkening
of the samples due to hydrocarbon build-up results in increased absorbance across
the full frequency range and incomplete cancellation of the zeolite modes. The
INS spectra collected on TOSCA, presented as Figure 6-10, do not share this

limitation, and in combination with the infrared data, provide access to the full

473 K (a), 573 K (b) and 673 K (c) compared with ZSM5-FR (d).
The allyl stretching modes of adsorbed cyclopentadienyl
cations (f) and aromatic C-C ring quadrant stretch () are
highlighted. Intensities normalised on the zeolite framework
combination mode at 1870 cm™' (*) to allow direct comparison
between samples. Traces offset in y-axis for easier
interpretation.

vibrational spectrum of the coke species.
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Figure 6-10: INS spectra of ZSM-5 catalysts after reaction at 473 K (a),
573K (b) and 673 K(c) compared with the spectrum of
ZSM5-FR (d). Spectra collected on TOSCA and normalised to
correct for differences in sample mass.

Analysis of the reacted samples by TGA and BET methods allow determination of
the percentage of the sample which is composed of coke species and the degree
to which this coke blocks access to the zeolite pore channels by comparing the
accessible surface area to that of the fresh catalyst (Section 3.1.1.2). The results

are given in

Table 6-3, while Figure 6-11 shows the temperature dependence of the coke

combustion which varies depending on its composition.

Table 6-3:  Properties of ZSM5-FR and reacted catalysts determined by TGA
and BET surface area assessment.

Coke Content BET Surface Area
Sample

(Wt%) (m%s™)
ZSM5-FR - 370 = 11
ZSM5-FR_Prop_473K 9.53 66 + 1
ZSM5-FR_Prop_573K 5.31 284 + 6

ZSM5-FR_Prop_673K 2.32 364 + 8




248 Neutron Spectroscopic Studies of Olefin Conversions

0.11 v T v T v T T T v T v T
0.10 1

0.09-
_ 008
0.071
0.06
0.05-
0.04-

d(weight)/dT (wt% / K

0.03
0.02-

300 400 500 600 700 800 900 1000

Temperature (K)

Figure 6-11: Rate of weight decrease during thermogravimetric analysis in
10% oxygen of samples after reaction at 473 K (a), 573 K (b) and
673 K (c) showing the temperatures required for oxidation of
coke species in each sample.

6.2.3.1 Propene Reacted Catalyst — 473 K:
As shown by the values in

Table 6-3, at 473 K the ZSM-5 retains a considerable quantity of coke, constituting
9.5% of the sample mass as determined by thermogravimetric analysis (TGA). This
high coke content leads to a correspondingly high degree of pore blockage, with
over 80% of the BET surface area of the fresh zeolite being rendered inaccessible
in the reacted sample. The intensity of the spectrum observed in the INS data at
this temperature (Figure 6-10) also makes it clear that the coke is highly
hydrogenated. Examination of the rate of coke oxidation with temperature
confirms this (Figure 6-11), with approximately two thirds of the total mass of
coke in the sample being oxidised between 500 and 600 K, indicating that it is
Type | coke with a high hydrogen content.'® The lack of any potential sources of
oxygen in the reaction inputs means that oxygenates cannot form a component of
this Type | coke and it must consist primarily of saturated hydrocarbons. From the
vibrational data it is evident that these species are similar in form to the mix of

saturated alkanes observed in the condensable products, with the vC-H region
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showing strong bands from CH3; and CHz groups but no modes associated with the
presence of substituted benzenes. The exception is a single broad alkene mode
centred at 3125 cm™', which is considered below. The INS spectrum is considerably
richer than the corresponding region of the IR spectrum in Figure 6-9(a) due to
the lack of selection rules in INS meaning that more modes are present, confirming
that the coke species are primarily alkyl. As shown in Figure 6-12 the spectrum is

very
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Figure 6-12: INS spectrum of ZSM-5 catalyst after reaction at 473 K (a)
compared with reference spectra of solid atactic
polypropene (b)*® and hexane (c)."” Modes indicating the
presence of adjacent methylene groups (*) and the asymmetric
allyl stretch of cyclopentadiene (1) in the experimental
spectrum have been highlighted. All spectra collected on TOSCA
and offset in y-axis for clarity. Reference spectra obtained from
the ISIS INS database. ™’

similar to that of atactic polypropene, suggesting a highly branched saturated
structure. However, the presence of additional peaks at 1304, 730 and 368 cm!
indicates that chains of adjacent methylene groups are also present, these
corresponding to the in-phase twist, in-phase rock and in-phase longitudinal
acoustic mode of -(CHz)n- groups respectively.'® It can therefore be deduced that

the coke species in this sample are not purely polypropene-like but contain regions
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where the oligomerization of the introduced propene has proceeded via a linear

end-to-end mechanism.

The previously mentioned alkene mode at 3125 cm™! visible in addition to these
alkyl species in Figure 6-9 has been taken in previous studies of hydrocarbon
conversion over zeolite catalysts to be indicative of the presence of
cyclopentadienyl (CPD) cations, which form a key intermediate species in the
conversion of linear oligomers to alkenes and aromatic species in the hydrocarbon
pool mechanism,#’> 185-186 and that are known to be stable in ZSM-5 type zeolites.'?
The associated very strong allyl asymmetric stretching mode at 1510 cm™! and the
weaker symmetric counterpart at 1465 cm™ are also visible in the infrared
spectrum, being two of the few modes strong enough to be clearly distinguishable
from the zeolite contributions below 2000 cm™' and are highlighted in
Figure 6-9.'® The asymmetric stretching mode is also just visible in the INS
spectrum, although considerably weaker due to the overall population of the CPD
cation being low and the associated hydrogen motions small, but the symmetric
mode overlaps with, and is indistinguishable from, the CH3 asymmetric bending
from the more populous alkyl species. The DRIFTS data also shows an additional
mode at 1611 cm’!, which is assigned to an aromatic C-C stretching mode (the ring
quadrant stretch) from adsorbed toluene or xylenes.'® The population of these
aromatics is quite low, as indicated by the low levels of their production in the
on-line analysis and their minimal contributions to the INS data, explaining why
their presence cannot be discerned from Figure 6-9 as the associated C-H stretch
modes are weak. This indicates that trace aromatic products, and reactive
intermediates from the reactions which formed them, remain trapped within the
zeolite by the high degree of pore blockage. In the case of the intermediates, this
also prevents them from accessing a catalytic site and being converted to one of
the final product species. The TGA data also shows the presence of a population
of coke with combustion temperatures from 700-950 K, as visible in Figure 6-11.
While the trapped aromatics represent some of this material, the relatively high
weight of this coke relative to the low levels of aromatics visible
spectroscopically, argues for the presence of a quantity of fully carbonaceous

material which is not easily detectable by infrared or INS.



Neutron Spectroscopic Studies of Olefin Conversions 251

6.2.3.2 Propene Reacted Catalyst — 673 K:
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Figure 6-13: INS spectra of coke species formed by reaction at 573 K (a) and
673 K (b) after subtraction of spectrum of ZSM5-FR compared
with reference spectra of glassy carbon (c),'” graphite (d)'*
and diamond (e)."** All spectra collected on TOSCA and offset
in y-axis for clarity. Reference spectra obtained from the ISIS
INS database.’>”

In contrast to the data at 473 K, the infrared data at 673 K shows no evidence of
C-H stretching modes from coke species. Therefore, the 2.3 wt% coke composition
of the sample must take the form of primarily carbonaceous material. This is borne
out by the extremely low intensity of the INS spectrum, indicating very low levels
of hydrogen in this sample and also that all weight loss due to coke oxidation takes
place from 750-950 K. Since INS spectra are quantitative, the zeolite contributions
can be simply subtracted to give the spectrum of the coke species only. Doing this
(Figure 6-13) shows that the coke does not have distinct bands but does exhibit
broad regions of increased intensity in the ranges 700-900 cm” and
1050-1300 cm'', which correspond to features found in the spectra of pure carbon
in its various forms. The coke produced at this temperature is therefore highly
carbonaceous, with a composition closer to amorphous coke than graphitic coke,

evidenced by the lack of intensity in the 600 - 700 cm™' region of the experimental
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spectrum, or glassy carbon (formed of randomly-arranged graphene sheets),
evidenced by the missing peak at 950 cm-'. This clear view of the spectrum of the
carbonaceous coke also allows the identification of the previously noted high
temperature coke material in the 473 K sample, which could not be identified
earlier due to blending into the higher level of background intensity from the
hydrogenated coke. Since the difference in surface area between the fresh and
673 K reacted samples is below the margin of error in the BET measurements, this
coke content does not block the zeolite pores to any appreciable degree. The lack
of any CPD in the spectrum indicates that conversion of the intermediate to alkene
and aromatic products occurs too rapidly for any significant population of this
moiety to accumulate at this temperature. Some evidence of retained toluene and
benzene products is found in the 1565-1620 cm™' region of the infrared spectrum
(Figure 6-9), although the aromatic CC stretching peaks are difficult to separate
from the overall increased baseline level of absorbance caused by darkening of

the catalyst sample.

6.2.3.3 Propene Reacted Catalyst — 573 K:

The properties of the sample reacted at 573 K are intermediate between the
extremes represented by the 473 and 673 K samples in all respects. The coke
content at 573 K is almost exactly halfway between the other two samples and
results in a lower, but still noticeable, degree of pore blockage. The IR data shows
the same C-H stretching modes as observed at 473 K and the presence of trapped
CPD ions but considerably weaker in both cases. In contrast, the signals of
aromatic products in Figure 6-9 are stronger than at 473 K, with a weaker lower-
frequency ring stretch also being visible at 1567 cm™,'8 which is consistent with
the higher level of aromatic production observed at this temperature. The TGA
temperature graph similarly shows a small but detectable level of Type | coke, a
high level of the carbonaceous coke observed at the other two reaction
temperatures and elevated levels of aromatics, evidenced by the loss of mass from
700-800 K. The INS data is somewhat different in that the overall scattering
intensity is much closer to the low-hydrogen spectrum observed at 673 K with very
little evidence of the CH groups observed by infrared representing a significant
proportion of the coke (Figure 6-13). This suggests that the CH containing species

are concentrated at or near the surface of the zeolite crystallites and are
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therefore over-represented in the DRIFTS spectra compared to the bulk
measurement provided by INS. What INS intensity there is, takes the form of a
broad region from 600-1200 cm™' which lacks assignable features, suggesting it is
formed from a mixture of different coke types. A possible hypothesis is that coke
build-up in the catalyst is initially similar to that observed at 673 K, but with the
progressive shift towards more alkyl products observed in the on-line reaction
monitoring, a population of immobile alkanes begins to build up near the catalyst
surface towards the end of the reaction period. This is detectable by DRIFTS and
pore blocking by these immobile alkanes leads to higher levels of trapped

aromatics.

6.2.3.4 Acid Site Effects:

Examination of the 3400-3800 cm' region of the infrared spectrum (Figure 6-9)
shows the effect of the coke build-up throughout the zeolite on the acid sites in
each catalyst. The spectrum of the fresh zeolite shows a strong peak at 3595 cm’,
corresponding to the Breonsted Al-O(H)-Si catalytic sites, and a weaker peak at
3735 cm™' from the presence of silanol groups at the zeolite surface and in silanol
nest defects.''192 A third mode, visible as an extremely weak shoulder to the
Bransted site peak at 3651 cm'', is due to the presence of extra-framework AlOH
species in the zeolite pores.® The corresponding region in the 673 K sample shows
minor differences. The intensity of the Bronsted OH peak is slightly reduced,
indicating a reduction in the number of acid sites, which is explained by the
increase in the intensity of the AIOH site peak, indicating that the reaction
conditions at this temperature have led to some de-alumination of the zeolite
framework. The intensity of the silanol groups is also decreased and this can be
attributed to the presence of a new shoulder at 3696 cm™' which is caused by the
shift of the silanol peak in cases where a hydrocarbon is physisorbed onto the Si-
OH group.'” This indicates that at least some of the coke formation is occurring
at sites associated with silanol groups. The 573 K spectrum shows similar
behaviour, except that the reduction in the Bransted peak is greater without a
correspondingly greater level of AlOH formation, indicating that some of the loss
of acid sites is due to the non-regeneration of the catalytic acid groups rather
than framework de-alumination in this case. The 473 K spectrum shows yet further

loss in Brensted sites, and notably does not exhibit any increase in AlOH
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population, indicating that this temperature is insufficient to cause framework
de-alumination. In this case some of the loss in acid sites is due to the formation
of physisorbed hydrocarbon - Brensted site complexes which can be seen as a
broad peak centred at 3500 cm! in a similar fashion to the behaviour observed for

the silanol peak.'?3

6.2.4 Reaction Mechanisms in ZSM-5 Propene Conversion:

The reaction data indicates the presence of a wide variety of different product
and coke species with quite different profiles at each reaction temperature
investigated. However, the presence of all these species can be explained in terms
of the zeolite catalysing a hydrocarbon pool series of reactions similar to that
extensively studied for methanol-to-olefins chemistry. Two distinct reaction
cycles occur within the zeolite, with the predominant cycle varying depending on

temperature.
6.2.4.1 Cycle 1 — Alkyl Production:

On initial propene contact, at all temperatures, the reaction occurs according to
the mechanism previously identified in Chapter 4, Section 4.2.2.2 with propene
at the active site forming a H-bonded intermediate, which immediately protonates
to form a bonded alkoxide, and reacts with additional gas-phase propene to form
branched oligomers.“3-4%. 148 After any given alkene addition, the branched product
may optionally undergo rearrangement via the method described by Chen and
Bridger?¢ to give the linear oligomer sections whose modes are observed in the INS
data. While the linear product predominates at the lower temperatures
investigated in Chapters 4 and 5, the relative intensity of the branched and
unbranched modes in the 473 K INS indicates that the branched form predominates
at this temperature, due to the faster oligomerization reaction rate, resulting in
decreased time for rearrangements between alkene addition steps. Once formed,
the alkoxide chains may either be released and diffuse away from the active site,
yielding the alkene products observed in the product analysis and regenerating

the Brensted acid group or, alternatively, undergo further chain propagation to
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Figure 6-14: Scheme for alkoxide intermediate reactions of propene over
H-ZSM-5: (i) alkene protonation and initial oligomerization; (ii)
alkene product release and acid site regeneration or further
oligomerization; (iii) B-scission of bonded alkoxide; (iv) partial
acid site regeneration involving immobile hydrocarbon
molecule. Reaction mechanisms derived from References 26,
48-49 and 148.

give larger products (Figure 6-14(ii)). Due to the positioning of the carbocation
charge in the adsorbed alkoxide, the primary alkene products will be di-
substituted alkenes, matching the conclusions drawn from the product infrared
spectra (Figure 6-6). Sufficiently long oligomers may undergo B-scission cracking
reactions (Figure 6-14(iii)), producing the ethene detected in the non-condensable
products and explaining the presence of chains which are not an integer multiple
of propene units. However, an alkoxide which undergoes a large number of

successive oligomerizations without cracking, will grow large enough that it is
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unable to diffuse away from the Brgnsted site if it breaks away (Figure 6-14(iv)).
This results in the formation of the physisorbed Brensted-hydrocarbon species
observed in the infrared spectrum of the 473 K reacted catalyst (Figure 6-9). The
blockage of the zeolite pore network at that location then prevents the associated
Brgnsted site from participating in further reactions, contributing to catalyst

deactivation and the observed reduction in propene conversion at 473 K.

6.2.4.2 Cycle 2 — Aromatic Production:

The reactions shown in Figure 6-14 are able to explain the linear species which
form the majority of the products at 473 K, but not the aromatic fraction which
is @ minor contribution at this temperature and the major products at 573 and
673 K. The production of these products requires a second cycle of reactions which
are detailed in Figure 6-15. The presence of cyclopentadienyl ions in both the MS
and IR data indicates that the aromatic species are formed via a route involving
5-membered rings. Bonded alkoxides in the C¢-Co size range formed by the
reactions in Figure 6-14 may cyclise to form substituted cyclopentanes in a process
which also regenerates the Brgnsted site (Figure 6-15(i)).*> Removal of four
hydrogens and the subsequent re-protonation of the resulting diene results in the
formation of the cyclopentadienyl cations which Figure 6-9 shows are observed
spectroscopically (Figure 6-15(ii)). The hydrogen abstraction reaction is driven by
their transfer to alkene species also within the zeolite, explaining the presence of
propane in the gaseous products.#> % This also accounts for the high proportion
of saturated alkyl molecules in the condensable products: molecules heavy enough
to condense in the catch-pot will diffuse through the zeolite slower than the non-
condensable alkenes, resulting in a higher probability of their participation in a
hydrogen transfer reaction before they escape the zeolite pore. The protonated
cyclopentadienyl cation is observed in the coke infrared spectra (Figure 6-9)
because it is more stable in H-ZSM-5 than the corresponding diene, even though
steric constraints mean that it does not form a framework-bound alkoxide as the
linear carbocations do.'° Once formed, these cyclopentadienyl cations can easily
interconvert to the corresponding benzene or methylated benzene through a
rearrangement that involves the removal of four more hydrogens (Figure 6-15(iii)),
generating further alkane products through hydrogen transfer to alkenes.

Alternatively, multiple cyclopentadienyl ions may react in concert through a



disproportionation mechanism, with some of them fragmenting to adsorb the
excess hydrogen and forming propene in addition to the aromatic product.'
Cyclopentadienyl cations with ethyl or longer side chains may release light olefins

through an internal rearrangement followed by elimination, as demonstrated for
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ethene in Figure 6-15(iv)."
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Figure 6-15:

Scheme for cyclic and aromatic ring based reactions over H-
ZSM-5: (i) alkoxide cyclisation; (ii) hydrogen transfer and
cyclopentadienyl formation; (iii) conversion to aromatic
products; (iv) elimination of light olefins from substituted
cyclopentadienyl cation.  Mechanisms  derived  from
References 45, 190 and 194-195.
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6.2.4.3 Overall Reaction Scheme:
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Figure 6-16: Schematic representation of the linked alkyl and aromatic
reaction cycles occurring in the conversion of propene over
ZSM5-FR. Species released as products are highlighted in green.

These two groups of reactions can therefore account for all the observed products
outlined in Section 6.2.2 and all species which are detected within the reacted
catalyst described in Section 6.2.3 and form a linked pair of reaction cycles, as
summarised in Figure 6-16. While the alkyl reaction cycle is active at all
temperatures, it is evident that formation of aromatic species from the
cyclopentadienyl cations has a sufficiently high activation energy that the
aromatic cycle does not contribute significantly at 473 K. The presence of
detectable levels of cyclopentadienyl C-H and C-C vibrations in the infrared and
the fact that di-methyl cyclopentadiene is more prevalent in the exit gas stream
than aromatic species at this temperature (Figure 6-2(i)) indicates that it is the
aromatic ring formation step which is rate limiting in the transfer between cycles.
At higher temperatures, it is proposed that this energy barrier is overcome and

the aromatic cycle may fully contribute to product formation. The availability of
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this additional reaction branch, together with the increased rate of B-scission at
higher temperatures, also means that bonded alkoxides are less likely to undergo
multiple successive oligomerization steps and the formation of immobile,
branched pore blocking oligomers is not significant at temperatures higher than
473 K, preventing premature deactivation of the catalyst. Instead, what coke
species do form at this temperature are amorphous carbon agglomerations which

form at the surface of the zeolite crystallites.>% 1%

Desorbed precursors to the formation of these coke species are the likely source
of the signals of polyaromatics observed in the products by UV-Vis spectroscopy
(Figure 6-8). Full operation of the aromatic production cycle also increases the
number of hydrogen transfer reactions which occur, converting more of the alkene
population to alkanes, thereby explaining why levels of condensable alkenes are
even lower at 573 K and 673 K than they are at 473 K. However, while the aromatic
cycle remains fully operational for the lifetime of the reaction at 673 K, the 573 K
reaction seems to progressively shift toward the alkyl cycle becoming more
dominant, indicating that there may be a step in the regeneration of the catalytic
sites following aromatic production that is not totally efficient at this

temperature.

The hydrogen transfer reactions which form the linking steps between the two
cycles are well established in the MTH literature,4> 19419, 197 and the ability of
H-ZSM-5 to catalyse these reactions is proposed as one of the key differentiating
factors between aromatic-producing MTH reactions over H-ZSM-5 and the more
constrained methanol-to-olefins reaction which occurs over siliconalumino-
phosphates such as H-SAPO-34.""4 The rate of hydrogen transfer reactions is
strongly influenced by the strength and population of the acid sites within the
catalyst framework, as shown by comparative studies of zeolite and SAPO catalysts
with identical framework structures.'®® 1 It therefore follows that the high
aromatic productivity observed at 573 and 673 K is a function of the high acidity
of ZSM5-FR, and that aromatic production is likely to decrease over time as the
zeolite acid sites are removed through framework de-alumination and production
of CPD intermediates is reduced. The decrease in aromatic production observed
at 573 K is not believed to be due to this process, since the rate of acid site loss

in zeolites is temperature-dependant and no comparable loss in production is



260 Neutron Spectroscopic Studies of Olefin Conversions

observed at 673 K. The losses at the lower temperature are therefore best
explained by incomplete catalytic site regeneration, with permanent acid site
losses not being significant on the timescales investigated here. A study by Arora
and Bhan2% also shows a link between the methanol partial pressure and hydrogen
transfer reaction rate in MTH chemistry, which by analogy suggests that the high
WHSV of propene used here may also play a role in the high aromatic production

observed.

The reactions described in Section 6.2.4.2 also explain the distribution of the
aromatic products which are observed at each temperature. The identity of the
aromatic species initially formed is determined by the length of the alkoxide chain
which undergoes cyclisation, which in turn is dictated by the alkenes present in
the zeolite to undergo oligomerization. At 473 K, these chains are primarily Ce,
hence the increasing dominance of benzene as an aromatic product as the initial
pool of other oligomers generated during catalyst conditioning is consumed or
converted to pore blocking oligomers (Figure 6-5). At higher temperatures, the
quantity of ethene in the zeolite is greatly increased, due to both increased
B-scission and the full participation of the alkene elimination reactions in
Figure 6-15(iv). This results in a wider distribution of oligomer lengths and means
that the higher stability of 1,3-dimethyl cyclopentadienyl cations relative to other
CPD species becomes relevant, resulting in toluene becoming the major aromatic
product. In a similar fashion, the increased production of benzene at 673 K
relative to 573 K can be explained by ethene elimination from CPD species which
would otherwise yield xylenes. Oligomer cyclisation can occur with chains of up
to Co length, directly generating the trimethyl benzenes and ethyl toluenes
observed by GCMS. However, alkylation of these first stage aromatics to produce
heavier products can only occur through the addition of ethyl and propyl groups
since the reaction systems lacks a source of methyl cations. These additions will
directly yield naphthalenes, bypassing the production of polymethylated (>4 CHs)
benzenes, that form a major component of the products in MTH reactions, but
which are not observed in the products here. This lack of significant production of
tetra-, penta- and hexa-methyl benzenes and higher-substituted naphthalenes,
which are important aromatic-cycle reaction centres and pore blocking species in

MTH chemistry, is attributed to the fact that methylation reactions cannot play a
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significant role due to the absence of a significant source of methyl cations,
resulting in a more restricted population of aromatic products. The greater energy
required to alkylate aromatics using ethyl or propyl cations relative to the energy
barrier of methylation explains why this reaction requires higher temperatures

than comparable MTH processes.

An additional anomaly observed in the aromatic products is the production of
higher levels of m-xylene than o- or p-xylene, as observed in the GC analysis for
all temperatures and times on-stream (Figure 6-5). This is counter to expectations
as ZSM-5 is known to usually favour the production of para-xylene due to a product
shape-selectivity effect arising from its smaller molecular diameter and easier
diffusion through the zeolite micropores.?°'-202 The slower diffusion of o- and
m-xylenes results in them spending longer within the catalyst pores and thus
increases the likelihood that they undergo an isomerisation reaction before being
released as products. The detected products instead exhibit a distribution that
closely corresponds to the thermodynamic equilibrium mixture of xylene isomers
(26 % o-xylene, 51 % m-xylene, 23 % p-xylene).292 The most likely reason for this
is that the crystal size in ZSM5-FR is too small for this shape-selectivity to
significantly affect the product distribution. Studies of toluene disproportionation
over ZSM-5 samples with different crystal sizes have shown that p-xylene
selectivity does not significantly affect the product composition unless the
average crystal size is > 5 ym, since below this size the mean path length of
products out of the crystallite is low enough that the higher diffusivity of p-xylene
does not significantly reduce its residence time within the pore network.2%? This
crystal size is 10 times larger than the value determined for ZSM5-FR in
Section 3.1.1.1 and the p-xylene selectivity mechanism is therefore unlikely to

contribute in our sample.

6.3 Octene Cracking Reactions:

Using octene as the reagent increases the importance of cracking reactions to the
overall reaction profile, as Cg hydrocarbons are themselves large enough to
undergo cracking, rather than such reactions only acting on the product of

previous reaction steps and pool species. In industrial FCC use, the hydrocarbon
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fraction which is active for cracking by H-ZSM-5 is that constituting the straight
and branched olefins in the C7-Cy2 size range.'® Model compound studies use

1-octene to study this type of cracking chemistry under controlled conditions. 3
76-77

The increased significance of cracking reactions means that the effect of zeolite
de-alumination is more relevant in 1-octene studies than in propene reactions.
The way in which loss of acidity is reported to lead to improved selectivity,
stability, and even activity, in steamed zeolites relative to studies performed
using fresh materials has already been considered above.3#3> 178 For this study, in
addition to testing how reactivity over ZSM5-FR varies with temperature, we have
also performed reactions using ZSM5-ST(1073K) as the catalyst to compare the
zeolite’s initial catalytic activity with one which may be viewed as representative

of a cracking catalyst in the middle or near the end of its operational lifetime.

6.3.1 Octene Reaction Testing:

The fresh catalyst used was ZSM5-FR, while for testing of de-aluminated catalysts
the bulk prepared material ZSM5-ST(1073K) was used due to its greater
availability. The reader is referred to Chapter 5 Section 5.1.1 for characterisation
of ZSM5-ST(1073K) and how it compares to the fresh material.

Initial reaction testing for the majority of data reported below was carried out on
the UK Catalysis Hub micro-reactor setup (Section 2.3.1) at ca. 0.5 gcat scale. The
reagent used was 1-octene (Sigma-Aldrich, 99%), supplied at a rate calculated to
give a weight-hourly space velocity (WHSV) of 1 h'. Reactions were performed at
temperatures of 473 K, 573 K and 673 K for both ZSM5-FR and ZSM5-ST, giving a
total of six samples in all. A 50 cm3 min"' flow of inert gas was used as a carrier
gas for the 1-octene and any reaction products. This was helium for the initial two
reactions (ZSM5-FR_Oct_673K, ZSM5-ST(1073K)_Oct_673K), following which
nitrogen was substituted for reasons of expense. The inlet pressure of the reactor
was recorded; on commencement of the flow through the reactor. It rose to 0.6
barg in all cases due to back-pressure from the catalyst bed but, thereafter, was

not observed to vary significantly as the reactions progressed. The reaction was
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monitored using the GC and MS instruments described in Section 2.3.1. The target
reaction period was 72 hours on-stream, however, the reactions at 473 K were
terminated early, after exhibiting no significant changes in product concentrations
for an extended period after 12 hours. Exact catalyst masses, conditions and times
for each reaction are given in Table 6-4. The reacted catalysts generated in the
micro-reactor were further characterised by DRIFTS and TGA analysis (Sections
2.6.1 and 2.6.3).

Table 6-4: Sample details and reaction conditions for 1-octene conversion
reactions performed on the UK Catalysis Hub micro-reactor.

Mass Flow Inert Final Time
Sample Catalyst 1-octene On-Stream
3 . .1, Flow Gas .

(g) (cm” min™") (hh:mm)
ZSM5-FR_Oct_473K 0.504 0.012 N2 46:20
ZSM5-FR_Oct_573K 0.521 0.012 N2 72:10
ZSM5-FR_Oct_673K 0.513 0.012 He 72:30
ZSM5-ST(1073K)_Oct_473K  0.483 0.011 N2 24:00
ZSM5-ST(1073K)_Oct_573K  0.495 0.012 N2 72:25
ZSM5-ST(1073K)_Oct_673K  0.531 0.012 He 72:00

Following completion and analysis of the micro-reactor dataset, it was decided
that the chemistry observed at 573 K and 673 K was sufficiently distinct from that
of propene to benefit from the commitment of neutron instrument time to
characterise the coke species. In order to prepare samples of sufficient size,
additional reactions at 573 K and 673 K were performed on the ISIS catalysis
preparation reactor for both ZSM5-FR and ZSM5-ST(1073K) at a scale of ca. 5 gcat.
Total time on-stream was 24 h for all reactions in this series. These larger samples
were then investigated on MAPS using the standard INS analysis procedure
(Section 2.1.2.5). An additional advantage was that the larger quantity of catalyst
in these reactions allowed the collection of sufficient liquid products for analysis
by GCMS and ATR-IR methods (Sections 2.6.2 and 2.6.1).
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6.3.2 Octene Thermal Cracking at Reaction Temperatures:
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Figure 6-17: Intensities of selected mass spectrum signals from passing
1-octene over a SiO; blank at 473 K, 573 K and 673 K. Intensities
are normalised against the signal for the reaction flow gas (4
amu for He, 28 amu for N2) to allow comparison between
samples and averaged over the period + 01:00:00 to + 02:00:00
with errors shown.

Due to the large range of products from the octene cracking reaction resulting in
extremely complex GC traces for the micro-reactor experiments, on-stream
analysis of the reaction products was accomplished by mass spectrometry as the
primary method. It is therefore necessary to establish the fragmentation pattern
of 1-octene within the mass spectrometer to act as a baseline. Additionally,
temperatures at the higher end of the tested range are potentially sufficient for
1-octene to undergo thermal cracking without the presence of active catalytic
sites. The products of this reactivity must therefore be established so that they
may be distinguished from the effects of the acid and microporous catalysis of the
ZSM-5 materials. To this end, blank reactions using ~1.5 g samples of amorphous
silica in place of the ZSM-5 catalysts were run at 473, 573 and 673 K. After allowing
the system to stabilise, this yielded the ion intensities in Figure 6-17. The
assighment of m/z values to molecular fragments remains that given in Table 6-2.

The mass of silica used was chosen to give the same bed length as in the catalytic
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reaction experiments and the rate of octene injection was also the same as in the

reaction tests.

At 473 K the temperature is not high enough for any thermal cracking to occur, as
no change in MS intensities was observed when the gas flow was switched from
the bypass system to the reactor at t = 0. The resulting pattern is therefore due
to fragmentation in the MS and is dominated by light species such as propyl and
ethyl fragments. Pentyl and hexyl ions are also present, although their lower levels
indicate that breakdown of the Cg chain into < C4 units is favoured. It should be
noted that the use of N2 as the flow gas requires that the level of ethyl species
must be measured by reference to the less significant 27 amu ion, meaning that
the population of ethyl fragments is likely larger than Figure 6-17 would suggest.
The molecular octyl ion at 112 amu has sufficient intensity to allow its use in

assessing the level of octene conversion in the actual reactions.

At 573 K the system takes approximately 30 minutes to stabilise following the
switch to the reactor, suggesting that some adsorption of octene on silanol groups
may be occurring, which requires these to be saturated before the octene can
pass through the reactor unimpeded. Once this occurs, the fragmentation pattern
is essentially the same as that observed at 473 K. In contrast, at 673 K the mass
spectrum shows reductions in the levels of larger ions, particularly hexene, with
a corresponding increase in the signals for propyl fragments. Examination of the
eluent by gas chromatography, with an example trace reproduced as Figure 6-18,
confirms that this is due to thermal cracking leading to fragmentation of octene
inside the reactor, with the single octene peak being significantly reduced and
multiple lighter species including ethane and propene being detectable.
Comparison of peak intensities before and after t=0 suggests that approximately
15 % of the octene exits the reactor without having undergone thermal cracking

in this instance.
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(b)

(a)

0 1 2 3 4 5
Retention Time (min)

Figure 6-18: GC traces of the eluent gas flow from flowing octene over SiO;
blanks at 473 K (a), 573 K (b) and 673 K (c) collected at 3 hours-
on-stream showing thermal cracking of the octene at 673 K.

6.3.3 Analysis of Octene Reaction Products:

Moving on to the catalytic reaction chemistry, in all the reactions studied the
majority of the changes in product composition with time occurred within the first
24 hours on stream, with subsequent changes being the progress of trends
established within this initial time frame. Therefore, the MS intensities at selected
points over the first 24 hours of reactions over ZSM-5-FR are presented in
Figure 6-19 as bar charts to allow easier comparison. To smooth out variations in
the MS intensities due to regular fluctuations in the line temperatures and
pressures each bar represents a 1 hour average taken over + 0.5 hours from the
indicated time, with the standard deviation of the data presented as error bars in
Figure 6-19. The full MS traces for each reaction run are included in Appendix 3
as full page figures to allow their presentation without crowding. All statements
about product levels in the following sections are made comparative to their levels

in the corresponding baseline fragmentation pattern from Figure 6-18.
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Figure 6-19: Intensities of selected mass spectrum signals from the reaction
of 1-octene after 1, 12 and 24 hours on-stream. Reactions
performed over ZSM5-FR at 473 K (i), 573 K (ii) and 673 K (iii)
and ZSM5-ST(1073K) at 473 K (iv), 573 K (v) and 673 K (vi).
Intensities are normalised against the signal for the reaction
flow gas and averaged over + 0.5 hours from the indicated time
with errors shown.
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6.3.3.1 Octene Vapour Phase Products — 473 K:

At 473 K the reaction of the fresh catalyst is initially characterised by an absence
of reaction products, with the concentration of all products dropping to negligible
levels following contact with the reactor bed and remaining in this state for the
first 30 minutes on stream. Following this run-in period, product breakthrough is
rapid, with most signals stabilising at values which they occupy with minimal
deviation for the remainder of the time-on-stream: due to the time frames
involved, this run-in period lies outside the region averaged for the + 1 hour data
point in Figure 6-19(i). Compared to the baseline fragmentation pattern, the
products of the reaction exhibit increased levels of propyl and C4 fragments and
the production of trace quantities of aromatics and cyclopentadienyl (CPD)
species. These changes are compensated by reductions in the production of Cs and
Cs ions and propane. Levels of the octyl ion are actually increased relative to the
baseline, indicating the presence of alkyl chains longer than Cg as products, which
fragment to give octyl ions in the mass spectrometer. Over the course of the first
24 hours, there is a slight increase in the production of these longer chains and a
partial restoration of the production of pentene, matched with a simultaneous
reduction in aromatic and CPD levels and a further reduction in propane. This
trend reaches a peak at approximately t + 25 hrs, following which production

levels remain static.

The ZSM5-ST(1073K)_Oct_473K reaction has similar overall behaviour to that of
the fresh catalyst, but is less consistent across the length of the reaction. It
exhibits the same initial lack of eluted products, although the time before
breakthrough occurs is reduced by approximately 50% relative to ZSM-5-FR.
Following breakthrough, the same trends in products are observed; however, in
each case the magnitude of the shift away from baseline production levels is lower
than in ZSM5-ST(1073K)_Oct_473K. The catalyst run-in period is complete by
+01:30 hrs. However, rather than remaining constant, all signals immediately
begin a slow, but consistent, drift back toward their baseline levels. While
technical difficulties prevented the following of this trend to completion, it
appears that this represents a steady deactivation of the catalyst toward being

unable to convert octene at 473 K. This trend is slow enough that differences in
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the levels of various products between the fresh and steamed catalysts remain on
the order of 30 - 50 % at the +24:00 hrs point.

6.3.3.2 Octene Vapour Phase Products — 573 K:

ZSM5-FR_Oct_573K undergoes an initial period without products lasting 15
minutes. The initial product breakthrough has high levels of saturated alkyl
species, but this is only momentary and is entirely replaced by a product slate
dominated by < C4 alkene fragments by + 00:30 hrs. Levels of aromatic production
are also initially significant, with substituted aromatics predominating. Levels of
the octyl molecular ion are much lower than baseline, indicating both high
conversion of the reactant and the lack of significant quantities of alkyl products
larger than the reactant. Unlike at 473 K, the product slate evolves significantly
over the course of the reaction with production of aromatics and alkanes dropping
from the start of the post run-in period, with a corresponding increase in the
production of alkenes. Additionally, CPD concentrations do not vary significantly
and overtake the concentration of the tropylium ion by + 07:00 hrs. The rate of
all changes is exponential, and therefore the majority of the shift in
concentrations occurs in the first twelve hours on stream. However, all observed

trends continue at lower rates to the end of the observed reaction period.

Breakthrough time for ZSM5-ST(1073K)_Oct_573K is on the same order as that for
the fresh catalyst at the same temperature. There is no initial pulse of saturated
products and the product distribution is dominated by light olefin fragments, a
preponderance which becomes more extensive as the reaction proceeds and even
the initially low levels of aromatic and alkane production decay away. 1-Octene
conversion, as assessed by the 112 amu, signal remains high throughout, although
at a lower level than that observed for ZSM5-FR_Oct_573K.

6.3.3.3 Octene Vapour Phase Products — 673 K:

The reactions at 673 K exhibit the largest difference between the fresh and
steamed zeolite catalysts. ZSM5-FR_Oct_673K exhibits very high levels of aromatic
production, to the point where the tropylium ion is a more significant product

than butyl fragments at the start of the reaction. It is also the only reaction where
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ethyl fragments are a more significant product than propene at the beginning of
the reaction. The catalyst is apparently quite stable in this regime and changes in
product distribution are slow, however, the overall trend is still a reduction in
aromatic levels and increased production of alkenes, with butene becoming the
third most significant product by + 53:00 hrs. This is also the point at which
propene becomes the most significant product again. Unlike at 573 K, the rate of
change remains constant throughout the reaction once it has achieved steady-
state. In contrast, ZSM5-ST(1073K)_Oct_673K exhibits the same pattern observed
at lower temperatures, with the major products being propene, ethene, butenes
and pentenes in that order, with the major distinguishing factor compared to
lower temperatures being that octene conversion is much higher and the

concentrations of the light olefins produced being correspondingly increased.

6.3.3.4 Octene Condensable Products:

Analysis of the catch pot contents for the large-scale reactions performed at ISIS
was carried out by ATR-IR (Figure 6-20) and GCMS (Figure 6-21). It should be noted
that the GCMS analysis used a different temperature profile to that used for the
measurements in Figure 6-7 to achieve better peak separation. The retention
times are therefore not directly comparable, although the general order of
products remains essentially the same due to use of the same chromatographic

column.

ATR-IR analysis is presented in Figure 6-20. At 573 K both ZSM5-FR and
ZSM5-ST(1073K) produce an alkane-dominated mixture of liquids.
ZSM5-FR_Oct_573K contains detectable levels of aromatics, with a shoulder of the
C-H stretching peaks extending above 3000 cm™ and the GCMS results
(Figure 6-21) containing peaks for mono- and di-substituted benzenes and simple
naphthalenes. The spectrum of ZSM5-ST(1073K)_Oct_573K sees these features
almost absent, while the GCMS results show a minor growth in the peaks for
various cyclic isomers of the 1-octene feed, of which 1,2,3-trimethylcyclopent-1-
ene is marked on Figure 6-21 as an example. This is consistent with the results of
the on-line analysis, with aromatic production only being significant near the start

of the reaction and decreasing with time-on-stream. The catalyst operates in the
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Infrared spectra of the condensable product fraction from
1-octene reactions over ZSM5-FR (i) and ZSM5-ST(1073K) (ii) at
573 K (a) and 673 K (b). A spectrum of pure 1-octene is included
for comparison (iii). Spectra collected by ATR-IR and offset in

y-axis.
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Figure 6-21: GCMS traces of the condensable product fraction from 1-octene
reactions over ZSM5-FR (i) and ZSM5-ST(1073K) (ii) at 573 K (a)
and 673 K (b). Identities of significant peaks are highlighted.

non-aromatic regime for the majority of the runtime and thus alkanes dominate
the liquid products, which represent an average over the entire reaction run.
Relative peak intensities in the infrared data appear similar between samples,
suggesting that both catalysts are producing a similar mixture of alkanes at this
temperature, but lower overall intensity in the ZSM5-ST(1073K)_Oct_573K
spectrum suggests reduced production of molecules large enough to condense at
293 K.
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At 673 K ZSM5-FR produces a product slate with much higher levels of aromatic
products, as evidenced by both IR and GCMS results. Products include both
extensively substituted benzenes and multiple naphthalene, species all of which
are present in large quantities. In contrast, production of Cg isomers is low,
indicating that the catalyst favours conversion over isomerisation processes under
these conditions. In contrast to the behaviour with fresh catalyst,
ZSM5-ST(1073K)_Oct_673K does not produce significant quantities of bicyclic
aromatics and sees an increase in rearrangement products. Levels of single-ring
aromatic production are less than for the fresh catalyst at the same temperature,
but higher than the fresh catalyst at 573 K.

6.3.4 Analysis of Octene Coked Catalysts:

The reacted zeolites were retained for ex situ analysis by TGA and DRIFTS. As was
the case for the propene reactions, these analyses provide information on the end
state of the catalyst itself and those hydrocarbon species which are immobilised
within the pore network. Mobile products are removed by the reactor purging at
the end of the run. The samples were exposed to air during their removal from
the microreactor, meaning that only stable species will be observed. The overall
coke content of the reacted samples from TGA is given in Table 6-5, while
Figure 6-22 shows the temperature dependence of coke oxidation. The DRIFTS

infrared spectra are shown as Figure 6-23.
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Figure 6-22: Rate of weight decrease during thermogravimetric analysis in
10% oxygen of samples of ZSM5-FR (i) and ZSM5-ST (ii) catalysts
after reaction at 473 K (a), 573 K (b) and 673 K (c).
Table 6-5: Sample reaction times and coke content of octene catalysts
determined by thermogravimetric analysis.
Reaction Coke Content (wt%)
Sample Time
(hh:mm) Typel Typell Total
ZSM5-FR_Oct_473K 46:00 5.54 3.93 9.47
ZSM5-FR_Oct_573K 72:00 0.58 8.70 9.28
ZSM5-FR_Oct_673K 72:30 0.16 6.51 6.67
ZSM5-ST(1073K)_Oct_473K 24:00 6.91 0.44 7.35
ZSM5-ST(1073K)_0Oct_573K 72:30 0.81 1.06 1.87
ZSM5-ST(1073K)_Oct_673K 72:00 0.14 0.64 0.78
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Figure 6-23: Infrared spectra of samples of ZSM5-FR (i) and ZSM5-ST (ii) after
reaction at 473 K (a), 573 K (b) and 673 K (c) compared with
the spectrum of the catalysts pre-reaction (d). Spectra
normalised on the zeolite mode at 1870 cm! and offset in y-axis
for easier interpretation.

6.3.4.1 Octene Reacted Catalyst — 473 K:

The ZSM5-FR-473K reaction produces a catalyst which is coked to approximately
9.5 % by weight, a level of hydrocarbon loading which in the propene reactions
resulted in the total blockage of the ZSM-5 pore structure through filling of the
pore channels with hydrocarbonaceous material. The majority (59 %) of this
material is Type | coke with a high hydrogen content which oxidises in the range
450-650 K, and which therefore is thought to consist mainly of saturated

hydrocarbons. '8
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The infrared data is consistent with this, with the major feature being the
symmetric and asymmetric stretches of sp3 CHs; and CH; groups at 2960, 2930,
2905 (as a shoulder) and 2870 cm'."8 The only mode attributable to C-H stretching
in unsaturated hydrocarbons is the clearly separated cyclopentadienyl peak at
3125 cm™'; the corresponding asymmetric and symmetric allyl stretch modes at
1510 and 1465 cm" are also present.'® In the O-H stretch region, the intensity of
the Brensted acid peak at 3605 cm' is significantly reduced and the silanol peak
is suppressed entirely due to hydrocarbons physisorbed on the O-H sites resulting
in a shift of the vO-H mode as discussed above. In the case of the silanol groups,
this produces the new peak observed at 3690 cm™', while the Bransted groups with
physisorbed hydrocarbons produce the broad peak from 3600-3400 cm™', which

overlaps with the remaining free Brgnsted site intensity.

The ZSM5-ST(1073K)_0Oct_473K sample is approximately 7.4 % coke by weight, a
value which is remarkably similar to that of the fresh catalyst given that the
steamed material was reacted for only 50 % of the time on stream used for
ZSM5-FR_Oct_473K. Therefore, the majority of the coking process in both cases
can be assumed to occur in the initial stages of the reaction. The predominance
of Type | coke in this material is even greater than in the fresh catalyst, with only
3.5 % of the mass loss from oxidation occurring above 650 K. In contrast to the
relatively homogeneous nature of the Type | coke in ZSM5-FR_Oct_473K, the coke
in the steamed catalyst clearly consists of two separate populations: one that
oxidises around 550 K, similar to that observed in ZSM5-FR_Oct_473K, and a
second type of hydrocarbon, which requires higher temperatures centred around
575 K to oxidise.

The infrared spectrum of ZSM5-ST-473K continues to be dominated by saturated
C-H stretching modes, although a direct comparison shows that the intensity of
the CH;-associated modes at 2930 and 2870 cm™ are increased relative to their
methyl equivalents. The CPD vC-H stretch mode is much weaker, to the point of
near-invisibility, and the corresponding allyl modes likewise reduced. The lack of
any discernible peak for the Brognsted sites of the steamed catalyst means that
related peaks are not available for analysis in the reacted catalyst either, however
silanol vO-H stretches are seen at both 3700 cm™ as in ZSM5-FR-473K and at
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3740 cm™ for free silanol groups, indicating that not all silanol sites have
associated physisorbed hydrocarbons in ZSM5-ST(1073K)_Oct_473K.

6.3.4.2 Octene Reacted Catalyst — 573 K:

After 72 hours ZSM5-FR_Oct_573K achieves a similar level of coke content to that
observed at 473 K despite the differing time on-stream, however, the composition
of the coke is markedly different. Type | coke makes only a minor contribution to
the overall mass loss, with the majority of the coke oxidising at temperatures
greater than 700 K, corresponding to Type Il coke consisting mainly of substituted
aromatic or polyaromatic species. This is reflected in the DRIFTS spectrum by a
significant reduction in the intensity of the sp? vC-H modes, although the ratios
between these peaks remain similar to those observed for the 473 K reactions.
However, the large quantity of Type Il coke does not result in similarly significant
contributions to the infrared spectrum. Peaks at 1570 and 1615 cm™' in Figure 6-23
may be due to C-C stretching in mono- and di-substituted aromatic rings and are
not observed at 473 K, but the only C-H stretch mode observed above 3000 cm™
is the peak at 3125 cm™" associated with CPD ions. The intensity of this CPD peak
is slightly increased, which conforms to the higher level of CPD species observed

in the on-stream products analysis at this temperature.

The INS data collected for the repeat reactions (Figure 6-24) allows much better
information on the low-energy vibrational modes of the coke than is available from
the DRIFTS spectra and assists in identifying the Type Il coke composition. Strong
-CH3 symmetric and antisymmetric deformations are visible at 1381 and 1452 cm™".
The methylene twist located ca. 1300 cm™' is comparatively weak indicating that
the majority of these methyl groups are not associated with alkane chains. The
strong peak at 1185 cm™ is associated with C-H wag modes of the ring hydrogens
in aromatics and polyaromatics. However, the fact that this mode is considerably
more intense than the associated modes in the 800 - 1100 cm' region, which are
produced by hydrogens of this type in benzene and naphthalene structures,
indicates that the majority of the aromatic C-H wag modes are from groups in
polyaromatic structures with > 3 rings, up to and including glassy carbon type

materials. It is notable that the spectrum observed is extremely similar to that
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Figure 6-24: INS spectra of ZSM5-FR (i) and ZSM5-ST (ii) after reaction with
1-octene at 573K (a) and 673 K (b) compared with the
spectrum of the catalysts pre-reaction (c). Modes associated
with -CHs3 (f), -CH:- (¥) and polyaromatic (*) groups are
highlighted. Spectra collected on MAPS and normalised to
correct for differences in sample mass.

It can therefore be concluded that the coke produced on ZSM5-FR_Oct_573K
consists primarily of highly substituted aromatic and polyaromatic species with

very low levels of hydrogen present on sp? carbon atoms, leading to the infrared
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spectrum being dominated by the limited population of Type | coke. The maximum
size of the products visible in the GCMS of the released products suggests that the
aromatic coke products have a minimum size corresponding to trisubstituted
naphthalenes or tetramethyl benzenes, where the substituents are not adjacent,
such as durene. Unlike at 473 K, the silanol vO-H mode is not suppressed fully by
adsorbed hydrocarbons in the infrared spectrum, although the Bronsted site peak
exhibits a similar pattern with some free sites and a large broadened region of

bonded sites.

ZSM5-ST(1073K)_Oct_573K is the first sample to have a significant difference in
its level of coking, achieving only 1.9 wt% coke after 72 hours. This is also
reflected in a reduction in the overall intensity of the INS spectrum due to lower
levels of hydrogen in the neutron beam despite the more hydrogenous nature of
the coke. This decrease in coke loading is entirely due to a reduction in the levels
of Type Il coke; the quantity of Type | coke may even be increased relative to the
levels in the fresh catalyst, although the magnitude of this increase is fairly small.
The INS spectrum confirms this, with ZSM5-ST(1073K)_Oct_573K returning a classic
example of the long-oligomer spectrum observed on multiple occasions in our
model compound studies. Aromatic signals appear totally absent, while the
relative intensity of the methylene peaks indicates that the oligomer possesses
multiple CH; units but is not primarily linear as is the case for octene
oligomerization at room temperature (Section 4.1.1) due to the 720 cm™' band not
being significantly stronger than the other methylene modes in the 700 - 1100 cm"’
region. The infrared data also appears to support this, with the intensity of the
vC-H modes being increased relative to ZSM5-FR_Oct_573K (Figure 6-23), although
the differing levels of background intensity due to greater sample darkening in
ZSM5-FR_Oct_573K make direct comparisons difficult. ZSM5-ST(1073K)_Oct_573K
shows no evidence of hydrocarbon modes other than the sp3 C-H stretches,

including no visible perturbations of the silanol peak by adsorbed molecules.

6.3.4.3 Octene Reacted Catalyst — 673 K:

The 673 K samples continue the trends observed at 573 K. ZSM5-FR_Oct_673K sees
a further reduction in Type | coke deposition to negligible levels but also sees a

reduction in Type Il coke build-up, indicating a more efficient catalytic process at
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this temperature. Figure 6-24(i) is consistent with this, with the spectrum of the
673 K sample having the same polyaromatic characteristics as at 573 K but at a
lower overall intensity due to lower coke quantities. The infrared data shows
significant reductions in all vC-H modes, and also lower levels of evidence for
adsorbed hydrocarbons in the vO-H region due to the absence of immobilised coke
species. Despite this, the intensity of the Bransted and silanol O-H peaks is still
reduced relative to the clean zeolite spectrum, suggesting that permanent O-H

site loss is occurring.

Coke build-up in ZSM5-ST(1073K)_Oct_673K is even lower than at 573 K and is
almost entirely invisible to both the infrared and the INS analysis methods
employed. This indicates that the minimal quantities of coke produced in this
catalyst are almost entirely carbonaceous; the INS spectrum does exhibit

extremely weak modes at ca. 1200 and 1100 cm', supporting this reasoning.

6.3.5 Reaction Mechanisms in ZSM-5 Octene Cracking:

The observed products of all reactions described above are consistent with the
reactions within the zeolite conforming to a dual-cycle hydrocarbon pool
mechanism similar to that observed for propene reactions. The individual
reactions which occur in the catalyst are the same as those described above and
shown in Figure 6-16. The difference is the relative contribution of each reaction
to the overall system and how the reactions are affected by the reaction
temperature. In particular, the average size of molecules in the hydrocarbon pool
is increased due to the larger reactant molecule, resulting in B-scission cracking

reactions being of increased importance to the overall reaction scheme.

6.3.5.1 Reactions at 473 K:

At the lowest temperature considered, the hydrocarbon pool reaction is
constrained by the same factors as the propene reaction at the same temperature.
The rate of B-scission is temperature dependent, and therefore relatively low, and
the hydrogen transfer reaction linking the alkyl and aromatic cycles also has a
very low reaction rate. This results in similar behaviour, with the cyclic nature of

the hydrocarbon pool mechanism breaking down and the catalyst undergoing a
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rapid series of successive oligomerization reactions at each active site that
consume all of the 1-octene supplied to the catalyst. This effect is clearly
demonstrated in ZSM5-FR_Oct_473K by the complete absence of products which
is observed for the first 50 minutes of the reaction. As before, these oligomers
grow until they occupy the whole of the pore network, generating the large
quantities of coke detected by TGA in ZSM5-FR_Oct_473K and the strong saturated
vC-H modes in the infrared spectrum. It is only once this oligomer growth reaches

an equilibrium state that product breakthrough occurs.

Since, as established above, these oligomers block the catalyst active sites
ZSM5-FR_Oct_473K is largely deactivated from the moment that the run-in period
is complete and the majority of the detected molecules in the exit stream are
octene. The residual deviations from the octene fragmentation pattern observed
by MS are due to the minority of Brgnsted sites located at, or very near to, the
external surface of the zeolite crystallites, which are less vulnerable to blocking
by immobile oligomers. These sites continue to produce hexadecane and
tetracosane, which are still mobile enough to be released and form the saturated
proportion of the liquid products, as well as the very low levels of residual
aromatic production due to the cyclisation of octyl alkoxides. The fact that CPD
ions predominate over aromatic signals in the MS, is because of the hydrogen
transfer reaction being the rate-limiting step in this reaction, leading to a build-
up of the intermediate, which is also detectable by infrared analysis as seen in
Figure 6-23(i(a)). The external sites are also responsible for the production of the
Type Il coke which is observed by TGA. The remaining shifts in the products after
the first hour are caused by the slow deactivation of these external sites

progressing towards a completely deactivated catalyst.

In ZSM5-ST(1073K)_Oct_473K the result is similar, however, the lower initial
population of acid sites means that the time taken for the saturation of the
catalyst with oligomer is lower. Despite this, the overall quantity of Type | coke
is comparable in both systems since it is the pore geometry of the zeolite which
determines the amount of space available for filling by oligomer molecules and
this remains largely unchanged. The wider separation of the Bragnsted sites within
ZSM5-ST results in a longer average chain length for the pore blocking oligomer as

observed in our model compound studies, which explains the increased intensity
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of CHz modes observed in Figure 6-23(ii(a)), relative to those in Figure 6-23(i(a)).
The separation of the Type | coke into two populations, with one corresponding
to that in the fresh catalyst and the other requiring higher temperatures to
oxidise, may be due to increased mesoporosity in the steamed zeolite leading to
a population of larger, harder to oxidise oligomers. The lower levels of residual
production, following catalyst conditioning, and the more rapid decay of even this
production towards a completely deactivated catalyst, are explained in terms of

a lower level of external, non-blocked active sites.

6.3.5.2 Reactions at 573 K:

At 573 K the hydrogen transfer reactions are rapid enough for the aromatic cycle
to contribute meaningfully to the overall reaction, which combined with the
increased rate of B-scission, means that the runaway oligomerization process does
not occur in the fresh catalyst. Instead, the initial catalyst conditioning in
ZSM5-FR_Oct_573K consists of the build-up of a population of aromatic species
within the zeolite, as evidenced by the initial burst of alkanes which are the
hydrogen accepting products of the hydrogen transfer reaction. After
approximately 30 minutes this aromatic pool has reached a stable level and the
catalyst shifts to its main operational regime where both cycles are operating in
equilibrium, releasing both mobile monoaromatics from the cyclisation reaction
and light olefins from B-scission in the alkyl cycle. Reduced levels of
oligomerization and increased cracking rates account for the fact that non-
aromatic products larger than C3 are observed at considerably lower levels than
in ZSM5-FR_Oct_473K.

The rate of production of aromatics is not stable but begins an immediate decay
after the catalyst conditioning period. This is linked to a simultaneous decrease
in 1-octene conversion which indicates that the aromatic catalytic cycle is not
fully efficient at 573 K. The high level of coke content in ZSM5-FR_Oct_573K,
together with the primarily Type Il nature of this coke, indicates that the problem
lies with excessive formation of aromatic coke species. This depletes the pool of
aromatic hydrocarbons available for the reaction and block the catalytic sites
suitable for the formation of fresh aromatics through cyclisation. The high coke

production is likely due to the aromatic formation and alkylation reactions
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proceeding at a faster rate than the rearrangement and alkene elimination
reactions which form the ‘regeneration’ arm of the aromatic cycle (Figure 6-19)
under the reaction conditions at 573 K. The INS data indicates that the coking
process involves the formation of both highly substituted benzenes and
naphthalenes, primarily with methyl substituents, as well as amorphous-carbon
like coke species, despite the methylated aromatics not being readily apparent to
infrared analysis. The inefficiency of the aromatic cycle may be due to slower
diffusion of the aromatic products within the zeolite, leading to a high percentage
of them undergoing further additions and becoming trapped. This would explain
the relatively low levels of di- and tri-substituted benzenes detected by GCMS in

the liquid products.

The progressive deactivation of the aromatic cycle leads to the alkyl cycle
beginning to dominate the reaction from + 07:00 hrs on-stream, giving the light
olefin dominated product distribution that is observed from this point onward and
producing the large quantities of alkanes which dominate the liquid products. The
continued decay in aromatic product levels indicates that deactivation of the
catalyst is continuing even to the end of the reaction period studied. The GCMS
results indicate that the reduced activity of the catalyst also means that
isomerisation reactions of the octene to other Cg hydrocarbons also become
relevant, since it is possible for molecules to diffuse in, isomerise and diffuse out
of the catalyst, without undergoing cracking or encountering another reactive
alkoxide for oligomerization. With less of the 1-octene feed to the catalyst being
diverted into the aromatic cycle in the late stages of the reaction, the alkyl cycle
is able to build-up a small quantity of immobile long-chain oligomers, similar to
those observed at 473 K, despite the higher rate of oligomer cracking reactions.
These are responsible for the small population of Type | coke which is observed
by TGA and INS and that dominates the infrared spectrum. The catalyst is still
active enough to promote rearrangements of these oligomers during their
formation, resulting in them being relatively branched with INS peaks mostly

overlapping with the modes of the Type Il coke.

The effect of the steam treatment is to considerably accelerate this suppression
of the aromatic cycle. ZSM5-ST(1073K)_Oct_573K exhibits the same behaviour of

aromatic product levels reaching a maximum immediately after catalyst
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conditioning, followed by a transition to a primarily alkyl-cycle, light-olefin
producing regime as the reaction proceeds. However, the peak level of aromatic
production is lower than that achieved by ZSM5-FR_Oct_573K, even at the end of
the experiment. Levels of alkene production, including the heavier products from
C4-Cs, likewise follow the distribution which would be expected from projecting
the trends observed in ZSM5-FR_Oct_573K to a timestamp considerably beyond
the end of the experimental period. This reduction in aromatic cycle reactivity
also has the effect of preventing the formation of polyaromatic Type Il coke,
meaning that catalyst deactivation occurs by the formation of large oligomers,
similar to lower temperature reactions as observed in the INS spectrum. The levels
of this Type | coke are broadly similar to those found in the fresh catalyst but the
shape of the INS spectrum suggests a lower level of branching, with the oligomer

retaining most of the adjacent CHz groups found in 1-octene.

6.3.5.3 Reactions at 673 K:

The increase in temperature to 673 K is sufficient for the restrictions to the
aromatic cycle to be overcome. The level of aromatic production in
ZSM5-FR_Oct_673K is much higher than at 573 K and remains stable for the first
24 hours on-stream, indicating that no premature deactivation of the catalyst is
occurring. This suggests that elimination reactions to remove alkenes from larger
aromatics are able to occur, recycling the aromatic ring. This supposition is
supported by the significantly increased production of ethene observed, relative
to the thermal cracking profile at 673 K, due to elimination of ethyl side-chains.
Some deactivation of ZSM5-FR_Oct_673K does occur, but this takes much longer:
aromatic product levels do not begin to decrease until 18:00 hours on stream and
the rate of deactivation remains low, as reflected by the coke content of ZSM5-
FR_Oct_673K being only 70 % of that found in the fully coked catalysts generated
at lower temperatures. The final coke content of the ZSM5-FR_Oct_673K catalyst
is high enough that the catalyst deactivation may be due to active site blocking,
as is the case at lower temperatures. However, the longer time frame over which
it occurs, indicates that the permanent removal of acid sites through de-
alumination, as observed in the infrared data, may be responsible instead. The
fact that Type | coke is essentially absent from the TGA profile, also indicates that

the aromatic cycle remains active enough to prevent multiple oligomerizations



Neutron Spectroscopic Studies of Olefin Conversions 285

until the end of the reaction run. The deactivation which does occur takes the
form of a progressive shift towards alkyl cycle reactivity and light olefin products,

similar to the behaviour at lower temperatures.

The effect of the steaming at this temperature is again to suppress aromatic
production in favour of additional cracking and the production of light olefins,
although aromatic levels are still higher than those achieved at lower
temperatures except in the earliest stages of the reaction of ZSM5-FR_Oct_573K.
The aromatic composition is also changed, with naphthalene production being
almost completely suppressed and the production of benzenes with more than two
substituent groups also being significantly reduced. This may be due to the greater
ease of diffusion in de-aluminated ZSM-5 (Chapter 5) reducing the average
residence time of benzene products within the catalyst, lowering the probability
of further reactions. Due to the lack of opportunities for the formation of type Il
coke and the high rate of cracking preventing Type | coke formation, deactivation
of ZSM5-ST(1073K)_Oct_673K is minor, resulting in very low final coke content and

stable product levels across the entire length of the reaction run.

The coke that does form at 673 K is very similar to that generated in
ZSM5-FR_Oct_573K, with a similar mix of mostly aromatic species. This suggests
that there are two reactions within the hydrocarbon pool mechanism which have
a key effect on the overall cycle chemistry: the hydrogen transfer reaction which
links the alkyl and aromatic cycles and the rearrangement/elimination reactions
which remove groups from pool aromatic species. Each of these reactions require
successively higher temperatures to become active and deactivate in turn as the
catalyst ages and cokes. This in turn partitions the hydrocarbon pool into three
separate reaction regimes depending on which reaction, if any, is active: (i) the
fully operating catalytic cycle observed at 673 K; (ii) the excess polyaromatic
coking regime which ZSM5-FR_Oct_673K enters in the later stages of the reaction
(and where ZSM5-FR_Oct_573K operates throughout) and (iii) the alkyl-cycle only
regime observed for the majority of ZSM5-ST(1073K)_Oct_573K’s lifetime and at
473 K.
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6.3.6 De-Alumination Effects on Octene Cracking:

Apart from at 473 K, where the temperature is too low for the catalytic
mechanisms to cycle properly, the fresh catalyst undergoes a progressive shift
away from aromatic-producing chemistry, towards a more olefin-dominated
product mixture over the course of the reaction. This process occurs as access to
catalytic sites capable of catalysing the hydrogen transfer reactions, which form
BTX aromatics from adsorbed alkoxides, is lost due to pore blockage by coke
species. The effect of the pre-emptive removal of the majority of these active
sites through steam treatment is to accelerate this process for the steam-treated
catalyst, resulting in the ZSM5-ST(1073K) samples operating primarily in the
olefinic reaction regime from the start of their time on stream. This reduced
aromatic production has the additional consequence of substantially reducing the
level of coke formation during the course of the reaction, resulting in the steam-
treated catalysts having more stable product levels than their fresh counterparts
and likely increasing their catalytic lifetime before deactivation. This behaviour
is similar to that observed by Ibanez, et al.® for the conversion of butene over
mildly steamed ZSM-5. In that study, the suppression of the aromatic cycle was
attributed to the selective removal of the strongest acid sites from the zeolite
framework. In this case, the harsher steaming conditions employed resulted in a
more complete removal of Brgnsted acidity and shows no evidence of selective
removal of stronger acid groups, suggesting that another mechanism may be

responsible.

Therefore, for octene cracking, all catalysts shift from a mixed aromatic-light
olefins product mixture, towards a purely olefinic product regime as the reaction
proceeds. The temperature of reaction determines how fast this occurs, by
influencing what coke formation routes are made available by low reaction rates
in key steps in the dual cycle mechanism. The removal of acid sites by steam de-
alumination means that the aromatic cycle is pre-emptively suppressed in
ZSM5-ST(1073K) and the reaction operates in the primarily light olefin producing
regime from the start of the reaction, increasing the overall selectivity of the
reaction towards ethene and propene. This ‘Gasoline-to-Olefins’ type chemistry

is more similar to the results reported for ZSM-5 catalysts in industrial FCC
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reactors, where it is primarily used to increase the yields of propene and
ethene.?3 2% The aromatic-based chemistry of the fresh catalyst is less commonly
observed and is attributed to the exceptionally high acidity of ZSM5-FR. The
reduction in aromatic cycle chemistry in ZSM5-ST also has the effect of reducing
the level of coke formation in the catalyst, particularly at high temperatures, by
inhibiting the formation of polyaromatic Type Il coke, resulting in increased
stability and operating lifetime of ZSM5-ST(1073K) relative to ZSM5-FR.
Consequently, for octene cracking reactions catalysed by ZSM-5 zeolites both
catalyst selectivity and stability are increased by steam treatment and the
resulting behaviour of the treated catalyst is more representative of ZSM-5

catalysts in industrial FCC use.

6.4 Comparison of Propene and Octene Chemistry:

Differences between the results produced for the propene and 1-octene reactions
are mainly confined to those reactions performed at temperatures of 573 K and
above; at 473 K the reactions primarily produce large oligomers through
essentially similar processes, with only minor differences in the degree of oligomer

branching due to the different feeds.

At the higher reaction temperatures, the propene reaction produces a higher
proportion of aromatics and light olefins and relatively fewer gasoline-range
alkenes. The effective absence of hexene from the propene products at 673 K is
especially notable, since it means that even Ce species are not playing a significant
role. Nearly all the propene consumed either participates in the aromatic cycle or
is cracked back to its starting point. In contrast, the 1-octene reactions produce
a wider range of products, as would be expected from the greater number of ways
that the 1-octene can react on first introduction to the catalyst. While propene
must either oligomerize, alkylate an aromatic or act as a hydrogen acceptor, 1-
octene can undergo immediate cracking with multiple possible fragmentation
patterns. The greater variety in the 1-octene reaction extends to the products of
the aromatic cycle, with tri- and tetra-substituted benzenes and a larger variety

of naphthalenes being produced at 673 K.
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Figure 6-25: INS spectra of ZSM5-FR after reaction with propene (i) and
1-octene (ii) at 573 K (a) and 673 K (b) compared with the
unreacted zeolite (c). Propene spectra collected on TOSCA,
1-octene spectra on MAPS; peak intensities are therefore not
comparable between plots.

Comparison of the retained coke species between the reactions is complicated by
their differing times on-stream, meaning that it is not possible to gain a
meaningful comparison of the rate of coke build-up in each reaction. Comparison
of the INS results for each sample does allow some conclusions to be drawn on the
composition of the coke. The relevant INS results are reproduced as Figure 6-25

for easier reference. They were collected on different instruments so scattering
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intensities cannot be meaningfully compared between samples, although mode
energies and relative intensities within spectra remain comparable regardless of
the INS collection method. The most obvious difference is that the 1-octene coke
contains a much higher population of methyl groups, leading to the modes either
side of 1400 cm™. As noted above, these are attributed to the presence of
immobilised polymethylated aromatics, the absence of which from the propene
coke spectra was the most notable difference between our ‘propene-to-
hydrocarbons’ chemistry and the published mechanisms of MTH catalysis where
tetra-, penta- and hexamethyl benzenes play important roles as reaction centres
in the aromatic cycle (Section 6.2.4.3). It appears likely that the 1-octene
hydrocarbon pool has a more statistical distribution of chain lengths than the
propene hydrocarbon pool due to fragmentation of the Cg chains. Therefore, the
aromatic product mixture of 1-octene is less restricted by the availability of
suitable fragments and produces a more statistical mixture of products, closer to
that of MTH chemistry.

6.5 Summary:

The INS techniques previously developed in our investigations of model compound
systems over zeolite at low temperatures have been applied to investigate olefin
reaction chemistry over zeolites, in combination with standard microreactor and
ex situ characterisation methods. The use of INS allows characterisation of the
retained coke species which remain within the zeolite in a way not previously
possible. Both propene and 1-octene are found to react via a two-cycle
hydrocarbon pool mechanism, with strong similarities to that reported for
methanol-to-hydrocarbons chemistry, supporting the assertion that propene plays
an important role as an intermediate species in MTH catalysis.#’ This dual-cycle
mechanism requires temperatures of 673 K or higher to function with full
efficiency, with lower temperatures deactivating portions of the cyclic
mechanism, leading to premature deactivation of the catalyst through
overproduction of coke species, which have been observed with INS. Even at full
efficiency, the catalyst is found to slowly progress from an aromatic-heavy to an
olefin-heavy product schema due to the progressive blockage of active sites by

the formation of amorphous carbon-rich coke. Artificial aging of the zeolite,
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through steam treatment, is found to shift the catalyst lifetime so that it starts at
a later stage in this process, resulting in increased light olefin production; this
trend matches results in the literature. The reduced aromatic production also
means that deactivation of the catalyst occurs more slowly in steamed catalysts

than in fresh ones, after an equivalent time-on-stream
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Chapter 7. Molecular Dynamics Studies of Methane
Diffusion in ZSM-5

Although developed to assist in the analysis of the motions of molecules in the
C3-Cg size range by QENS, the molecular force field described in Section 2.2.2.2
is equally applicable to the simulation of other zeolite-hydrocarbon systems,
whether differing in zeolite structure or the nature of the adsorbate. Here, it
has been used to simulate the movement of methane in MF| zeolite frameworks,
for comparison with results obtained by QENS analysis. The motions of this system
are of interest as a model for the motion of methanol in zeolites, which plays an
important role in the selectivity of the methanol-to-hydrocarbons reaction, but
which is hard to study directly due to issues with the reactivity of the methanol
molecule in highly acidic zeolites. In addition to comparison with experimental
results, this study also investigated the influence of hydrocarbon loading on
diffusion behaviour, through the simulation of zeolites with different quantities

of methane molecules per unit cell.
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7.1 Introduction:

The work reported in this chapter forms part of an ongoing study into the
interactions of methanol with zeolites, which is of interest due to the methanol-
to-hydrocarbons (MTH) reaction. As discussed in detail in Section 1.2.2 this uses
zeolite catalysts to selectively convert methanol to high-value hydrocarbon
products through a shape-selective hydrocarbon pool mechanism. As with all such
shape-selective reactions, the diffusion of the methanol reagent directly affects
the selectivity mechanisms, and therefore the product composition, and applying
QENS methods is the best available tool to gain an increased understanding of how

this diffusion changes with temperature and zeolite properties.

While direct studies of methanol diffusion in acid zeolites have been performed,
these encounter problems with measuring the movement of methanol through the
pore network due to the high reactivity of the system. This is particularly the case
in investigations using ZSM-5 type zeolites due to their high acidity. While O’Malley
et al."? were able to successfully determine the self-diffusivity of methanol in
zeolite Y, attempts to study the methanol-ZSM-5 system by similar methods
encountered extremely low levels of mobility.20>20¢ Methanol motions were
limited to isotropic rotations of the methyl group, or diffusion within confined
spheres the size of a single zeolite pore, owing to the adsorption of the methanol
on the Bransted sites through the -OH group. Avoiding this problem, requires the
use of a probe molecule of similar size to methanol but without the reactive
centre: methane is the obvious candidate, as has been successfully applied in

previous studies.67-68, 207-208

The present investigation uses methane as a probe molecule for the diffusion of
C1 hydrocarbons in fresh and reacted ZSM-5 catalysts. This work was performed in
partnership with Ms Andrea Zachariou, as described in further detail in the
Preface, who performed the QENS data analysis of the methane - ZSM-5 datasets.
Since the analysis methods used in this study are the same as those already
reported for QENS investigations in previous chapters, the details will not be
reported here. Instead, we will only consider the final results obtained and how

they compare to the findings from the MD simulations. Since simulations were not
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performed for the coked material, only the results obtained for the unreacted
catalyst (ZSM5-FR) will be discussed.

7.2 Experimental Procedure:

A 3.13 g sample of ZSM5-FR was prepared according to the procedures in
Section 2.4 and loaded into a gas handling QENS sample can. This was then
investigated according to the standard QENS measurement procedure
(Section 2.1.3.4) on the IRIS spectrometer with methane as the adsorbed
hydrocarbon. The full temperature range investigated was 5 - 373 K with EFWS
points taken at 25 K intervals from 25 K to 373 K, the final temperature being
reduced by 2 K to not exceed the maximum rated temperature of the QENS sample
container. High resolution spectra were collected at 5, 225, 275, 325 and 373 K.
The methane dosing was carried out by filling a container of known volume with
3.65 x 102 moles of methane as determined from the loading pressure by the ideal
gas law, opening it to the zeolite sample cell and allowing the system to
equilibrate. After removal of the residual methane remaining in the gas handling
apparatus this resulted in a sample containing 2.55 x 103 moles of methane,
equating to a loading of 4.70 methane per ZSM-5 unit cell. This represents the
saturation loading of the zeolite at 877 mbar. The evacuated dosing volume was
left connected to the zeolite sample during measurement to safely contain any

methane desorbed on heating, as required by ISIS gas handling procedures.

MD simulations were performed on both silicalite and ZSM-5 type frameworks using
the molecular force field and simulation procedure given in Sections 2.2.2.2 and
2.2.2.3. Loading levels of 4 and 9 methane molecules per unit cell were simulated
in order to determine the effect of loading level on the diffusion properties.
Simulations were performed at 95, 130, 170, 225, 270, 325 and 375 K in order to
match the range of temperatures investigated by detailed QENS analysis and to
provide information on the low temperature behaviour of the simulated systems.
270 K was simulated rather than 275K to provide a universal comparison
temperature in common with the C3 and Cg simulations reported above. 95 K was
chosen as being immediately above the melting point of solid methane and

therefore the first temperature where mobility is likely to be observed.
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[100]

Figure 7-1: Pre-equilibration starting configurations for MD simulations of
methane in MFI zeolite frameworks at loadings of 4 molecules
per unit cell (i) and 9 molecules per unit cell (ii). Zeolite shown
is the H-ZSM-5 protonated framework.

7.3 Elastic Fixed Window Scan Analysis:

As with previous QENS investigations, initial examination of the mobility of the
system was through EFWS analysis because of its ease of calculation and ability to
provide an overview of the changes in diffusion behaviour with temperature across

the full range studied.
7.3.1 QENS Results:

The EFWS of methane in ZSM5-FR shows the expected behaviour of increased
mobility with temperature, with the greatest increase in mobility occurring at low
temperatures (Figure 7-2). A small inflection in the slope of the EFWS trace occurs
between 75 and 100 K due to the methane passing through its melting and boiling
points. One notable feature is that at temperatures of 300 K and above the elastic

intensity in the loaded sample is essentially identical to that recorded for the
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unloaded ZSM5-FR prior to hydrocarbon loading. This shows that at these
temperatures, the methane is fully mobile and does not contribute to the
measured elastic intensity at all, with the remaining EFWS intensity values being
entirely due to scattering from the zeolite framework. The methane still
contributes to the quasielastic scattering and may be analysed through fitting,

however, such high levels of mobility are likely to complicate this process.
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Figure 7-2: Experimental elastic intensity vs temperature for unloaded
ZSM5-FR (a) and methane in ZSM5-FR at a calculated loading of
4.70 molecules per unit cell (b).

7.3.2 MD Results:

Simulated EFWS plots were created from the simulation trajectory data by
calculating the S(Q,w) of each system using the procedure described in 2.2.2.4.
Scattering functions were simulated in the range 0.1 A'<Q<5A" at 0.1 A"
intervals but the integrated intensities used to calculate the theoretical relative
elastic intensity were limited to the momentum transfer values which are
accessible on IRIS (0.42 -1.85 A, simulation integration performed from
0.4-1.9AM").
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Figure 7-3: Comparison of the experimental EFWS of CH4 in ZSM5-FR (a)
with simulated relative elastic intensities for methane in
H-ZSM-5 (b) and silicalite (c) derived from molecular dynamics
calculations. All values normalised against elastic intensity at
T=5K.

The resulting simulated EFWS for simulations in H-ZSM-5 (Figure 7-3(b)) conforms
closely to the experimental data in the blank ZSM-5 at temperatures above 200 K,
which includes one point (225 K) where the experimental spectrum still possesses
some methane-derived elastic intensity. The overall trend is towards a plateau
value at approximately 10 % of the initial relative intensity. This confirms that all
methane molecules are fully mobile by ca. 300 - 350 K and the remaining elastic
intensity is due to scattering from the essentially immobile zeolite framework.
That the final relative intensity values in the simulated spectra are at a slightly
lower level than in the experimental case, can be attributed to the absence of
any background intensity in the simulations and that the simulated results can
observe all motions which occur during the simulation, not just those which occur

within the time window accessible on the spectrometer used.

An anomaly in the simulated data is observed in the simulations performed at 95,
130 and 170 K where the MD simulation persistently underestimates the level of
mobility in the sample at these temperatures. Surprisingly, this effect is even
more heavily pronounced in the simulation of methane movement in the pure SiO;

framework (Figure 7-3(c)). This suggests that the problem may be due to an
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overestimation of the intermolecular forces between the methane molecules in
the simulation force field, caused by the OPLS force field terms being fit to
behaviour at higher temperatures and not being optimised for liquid-phase
interactions in methane. This would result in the methane in the simulation
remaining in the solid and liquid states at higher temperatures than are the case
in reality, which would account for the behaviour observed. The decreased
magnitude of the effect in the H-ZSM-5 simulation would then be attributable to
the acid-methane bonding disrupting the structure of the solid methane and
decreasing the energy required for methane molecules to break free into the gas

phase.

An alternative explanation is provided by observations made in a molecular
dynamics study by Lopez, et al.?% of a change in the preferred low-energy site of
methane in silicalite structures which occurs at 250 K. Below this temperature the
methane prefers locations within the straight channels, while above it the lowest
energy site lies in the channel intersections, with a corresponding change in the
energy barriers to diffusion. While this is a possible explanation for the observed
behaviour, the Lopez investigation was carried out at infinite dilution and caution
should be used in extrapolating from such studies to systems where methane-
methane interactions are significant.?'° Therefore the source of the discrepancy

cannot be asigned with certainty.

7.4 Analysis of Diffusion Behaviour:

The region from 200 to 375 K shows good agreement between experimental results
and simulation, and contains 4 temperatures where high resolution QENS spectra
are available for analysis. We may therefore compare the results obtained by both

methods.
7.4.1 QENS Results:

The QENS data was fit to a combination of resolution function, linear background
and single Lorentzian, indicating a single resolvable motion and one or more

motions too fast to be visible on IRIS. The Lorentzian broadening was found to be
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best described by jump diffusion according to a model developed by Jobic.?!" This
is similar to the Chudley-Elliot model of jump diffusion as described in
Section 2.1.3 and Equation (2.15), but rather than assuming a single length for all
jumps, it assumes a distribution of jump lengths described by an average distance
do and a parameter describing the variation in molecule position between jump
motions, ro. The relationship of the Lorentzian broadening with Q is then described

by the equation:

1 [sinQd, Q%(r¢)
@)= 1 [0 () o

and the mean squared jump length, required for the derivation of the diffusion

constant via the Einstein equation, is given by:

(r2) = do® + 31,2 (7.2)

Fitting the QENS data to this model produced the results given in Table 7-1.

Table 7-1 Self-diffusion coefficients (Ds), residence times (1) and mean
square jump lengths ((r?2)) calculated by fitting the
experimental QENS data to the model in Equation (8.1).

Temperature T (r» D,
(K) (ps) (A?) (m*s™)
225 13.4 29.6 3.66 x 10°
275 10.4 41.9 6.74 x 10°
325 8.00 45.0 9.37 x10°

373 8.00 45.0 9.38 x 10°
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7.4.2 Molecular Dynamics Results:
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Figure 7-4: Mean squared displacement versus time for methane in H-ZSM-5
at a loading of 4 molecules per unit cell, calculated at
simulation temperatures of 95 K (a), 130 K (b), 170 K (c),
225K (d), 270 K (e), 325 K (f) and 375 K (g).

Accurate calculation of diffusion constants from the statistics of molecular
dynamics simulations requires simulation lengths long enough that the system
achieves true diffusive motion and the mean squared displacement (MSD) of the
adsorbed molecules becomes linear with respect to time. As shown in Figure 7-4,
the systems studied here achieve this for the majority of the simulation runtime.
The fluctuations at longer time values observed for the higher temperature
simulations are because the MSD is calculated as an ensemble average over all
possible molecules and origins, with each timestep in the simulation being treated
as a ‘time zero’ for a displacement trajectory. As the length of the time window
being considered approaches the full length of the simulation the number of
potential origins for averaging is reduced, resulting in less consistent results. By
limiting ourselves to the linear portion of the MSD trace the self-diffusion
constants at each temperature may be calculated using the Einstein relationship;

these calculated values are given in Table 7-2.
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Table 7-2:  Self-diffusion coefficients (Ds) and activation energies (Ea) for
methane in silicalite and H-ZSM-5 calculated from MD results.
Calculated MD:QENS ratios are for H-ZSM-5 simulations.

Ds (m?s™")
Ratio MD : QENS
T Silicalite H-ZSM-5
(K) 4xCHi  9xCHi  4xCHi  9xCH: 4xCHs 9xCHa
per u.c. per u.c. per u.c. per u.c.  per u.c. per u.c.

95 8.22 x10™ 5.57 x10™ 4.00 x 10" 5.64 x 10
130 4.93x10™ 3.87x10™ 4.00x10™ 4.52x 107
170 1.99 x 107 1.50x 10° 1.81 x10° 1.10 x 10°

225  4.97x10° 3.51x10° 3.91x10° 3.10x10° 1.07:1 0.85:1
275  7.43x10° 4.93x10° 7.11x10° 4.25x10° 1.05:1 0.63: 1
325 1.02x10° 6.43x10° 9.31x10° 6.18x10° 0.99:1 0.66: 1
375 1.34x10° 7.96x10° 1.40x10® 7.95x10° 1.49:1 0.85:1
Do = 545x10% 3.19x10% 6.96x 10° 4.04 x 10°

(m“s™)

(kar‘;ol) 4.39 4.26 5.30 5.01 119:1 1.07: 1

These values show a clear disconnect between the diffusion constants at low
temperatures and those from simulations performed above 200 K. This is
consistent with the results observed in the elastic window scan data above and
the same explanation proposed there applies. Comparison of the results above
200 K, which are more in line with experimental observations, shows that the
difference in diffusion constants between silicalite and H-ZSM-5 structures is quite
small in both the 4- and 9-molecule per unit cell cases. In both structures the
difference between the low and high loaded simulations in the same material is
more significant. This suggests that the higher loaded simulation in both cases is
sufficiently congested that methane-methane interactions are the limiting factor
in determining the bulk diffusion through the zeolite pores, with the effect of
methane-zeolite interactions being masked by this pore congestion effect. This
hypothesis is given further support that at 373 K, even the lower loaded samples
see a convergence between their diffusion constants as the methane molecules
become more mobile. In the lower temperature region of the 4/u.c. simulations,
where differences exist, the methane diffuses slower in H-ZSM-5 as would be
expected due to the additional Hp-adsorbate interactions. The activation energies

similarly show the expected trend, with the value in H-ZSM-5 being 118 % of that
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in silicalite. This compares favourably with the Ea of 4.667 kJ/mol determined
experimentally by QENS above, is 109 % of that reported for methane in silicalite
by Caro, et al.®8 This suggests that our molecular dynamics force field is accurately

describing the effect of the Bronsted acid sites on the overall behaviour of the

system.
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Figure 7-5: Arrhenius plot comparison of: diffusion in H-ZSM-5 calculated
by MD at 4 molecules per unit cell (a) and 9 molecules per unit
cell (b); experimental QENS values at 4.70 mol/u.c. in ZSM5-FR
as determined above (c); experimental QENS value at
4 mol/u.c. in Na-ZSM-5 as reported by Jobic, et al.®’ (d).

Discounting the simulations below 200 K and comparing the values derived at
higher temperatures with the QENS results shows close agreement between the
simulated and experimental data. For the 4 molecules per unit cell in ZSM-5
simulation, which is the closest match to the experimental data, the calculated
diffusion constants match those recorded experimentally to within 10 %, with the
exception of the value at 373 K where the QENS result does not follow the trend
in the other three data points and may be anomalous in any case. The simulated
Ds values are higher than those obtained experimentally as shown in Table 7-2 and
Figure 7-5. This is because molecular dynamics predictions of diffusion constants
represent an upper limit to the possible mobility of the adsorbed species both due
to the use of a slightly lower loading and as a result of the use of a perfect crystal

structure, which does not account for the presence of local defects, silanol sites,
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crystal edge effects or inhomogeneous Bransted site locations, all of which will

tend to reduce the experimentally observed diffusion values.
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Figure 7-6: Arrhenius plot comparison of: diffusion in silicalite calculated
by MD at 4 (a) and 9 (b) molecules per unit cell; literature
values for diffusion in silicalite at 4 (c) and 8 (d) molecules per
unit cell as reported by Leroy, et al.'’®

In addition to closely matching the experimental data, the molecular dynamics
results obtained are consistent with those found in the literature for comparable
systems. As shown in Figure 7-6, the simulations in silicalite closely match those
reported by Leroy, et al."”¢ for comparable loadings at 300 K. It is notable that
this paper reports that its molecular dynamics simulations produce diffusion
constants ca. 2 - 2.5 times larger than those of QENS investigations of methane in
silicalite by Jobic and co-workers. Unfortunately, we were unable to obtain the
exact result values of these QENS investigations to allow a direct comparison to
our own QENS and MD figures due to the studies by Jobic only giving the methane

Ds values in graphical form.

7.5 Summary:

The diffusion of methane in ZSM5-FR and silicalite has been simulated by

molecular dynamics at two different levels of loading and compared with the
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results from experimental QENS observations. The diffusion constants calculated
from MD simulations above 200 K closely match those reported in the literature
for similar systems and produce estimates of mobility which closely match those
obtained by experiment, confirming that the molecular force field used in these
simulations can accurately describe small C; molecules as well as the larger
alkanes and olefins whose simulations are reported above. The force field’s ability
to describe the behaviour of methane in the liquid phase is less accurate owing to
the way in which the intermolecular hydrocarbon parameters were derived.
Comparison of the simulations in the 200 - 375 K region shows that methane-
zeolite interactions are less significant in this temperature range than methane-
methane ones due to congestion of the pores. This observation is consistent with
the QENS results showing that the methane is fully mobile within the zeolite at

these temperatures and no methane remains adsorbed to the pore walls.
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Chapter 8. Conclusions and Future Work

The work reported in this thesis has highlighted the ability of neutron scattering
methods to supply new insights into systems of interest to catalysis and the ways
in which vibrational analysis by INS and the analysis of dynamics by QENS can
complement each other. The well-established ability of QENS measurements and
MD simulations to validate results and provide insight into the results from each
method when used in concert has also been demonstrated. After briefly
summarising the key findings reported previously, this chapter will consider areas
where this thesis has highlighted obvious potential for additional work of interest
to be carried out on catalytic zeolite systems using these techniques, some of

which is already underway.
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8.1 Conclusions and Key Findings:

The neutron scattering techniques of INS and QENS have been applied to the study
of the reactivity of olefins over the acid zeolite catalyst H-ZSM-5. Both techniques
have demonstrated the capability to provide new insights into the reaction
chemistry and dynamics which occur inside zeolites and exhibit a clear synergy
when employed in combination. The INS results provide information on the
interactions responsible for changes in mobility and broad-range QENS results,
collected through the EFWS method, guiding the assignment of INS measurements

to the temperatures of greatest interest.

Investigation of the interactions of olefins in fresh H-ZSM-5 have shown that the
extremely high activity of the catalyst causes the olefins to undergo protonation
and subsequent oligomerization even at low temperatures, with reactivity for
propene commencing at 225 K. Examination of the reaction intermediates made
possible through INS, has shown that the reaction proceeds through a hydrogen-
bonded intermediate as a first step, and that the subsequent protonation of the
olefin to a bonded carbocation represents the rate-limiting stage of the reaction.
Examination of the product spectra suggests, that for both propene and 1-octene,
pore wall interactions result in reactions at interior acid sites producing linear

oligomers which form the bulk of the final product.

This oligomerization activity prevents the measurement of the movement of
propene or 1-octene in fresh zeolites by QENS. It is possible to observe the
movement of the oligomers themselves, which are trapped within the pore
network, but capable of rotating around their long axis within the straight
channels of the zeolite. Studies using propane as an inert analogue for propene
have found, in concert with MD simulations, that the adsorbed C3 molecules spend
the majority of their time undergoing short jumps within the pore channels of the
zeolite. Movement into the pore intersections is disfavoured and longer-range
diffusion takes place by longer jumps across the pore channels at intervals too

long to be observed by the instruments employed.
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Hydrothermal de-alumination plays an important role in determining the activity
of zeolite catalysts and occurs rapidly enough in industrial use that studies using
fresh materials do not accurately represent the zeolite’s activity for the majority
of its catalytic lifetime. To study the effect of de-alumination two steam-treated
samples were prepared. It was found that differences in the steam treatment
protocol do not result in significant changes to the properties of the final zeolite,
provided the target level of de-alumination is sufficiently extensive. At low
temperatures for hydrocarbon reaction, this de-alumination was found to have the
effect of delaying the onset of catalytic activity for oligomerization to higher
temperatures and increasing the mobility of hydrocarbons within the zeolite, both
due to reduced acid-hydrocarbon interactions. The mobility increase was not
found to result from changes in the geometry of the molecular motions, but purely
due to them occurring at shorter intervals, indicating that this geometry is defined

by structural factors arising from the framework itself, rather than the acid sites.

The techniques developed in these studies have also proven applicable to
investigations of reactivity at higher temperatures more typical of catalytic use
of zeolites. These have allowed studies of propene conversion and 1-octene
cracking to be enhanced by non-destructive analysis of the composition of the
coke species which accumulate within the zeolite. Both reactions are found to
proceed by a dual-cycle hydrocarbon pool mechanism involving oligomerization,
cracking and aromatic formation which requires temperatures of 673 K to operate
effectively. Lower temperatures result in excessive coke build-up because of

deactivation of certain reactions in the cycle, which can be observed by INS.

In conclusion, neutron techniques have proven to be powerful tools for the analysis
of catalytic reactivity in zeolite catalysts where the reactive species have high
levels of hydrogen content and thus result in strong incoherent scattering
responses. The potential for applying these methods to other questions involving

zeolite catalytic chemistry is high.
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8.2 Ongoing and Proposed Further Investigations:

The results reported above have highlighted several areas where further work
could potentially produce results of catalytic or industrial interest. Some of these
areas are simple extensions of the work already reported to provide additional
information which it was not possible to collect in the time available. Others are
the application of these techniques to additional catalytic systems or new, related
techniques to the systems studied here. Each potential line of enquiry will be
briefly summarised below, where efforts are already underway to undertake these

investigations, these will be highlighted.
8.2.1 Extensions to 1-Octene Cracking Analysis:

For the octene cracking microreactor studies discussed in Section 6.3 the ability
to derive useful results from the INS data of the retained coke species is somewhat
restricted by the limited resolution of the available spectra, recorded on MAPS.
Measurement of the same systems using TOSCA would allow additional information
from the higher resolution peaks, including analysis of relative peak position,
allow observation of modes below 200 cm™! without interference from the elastic
line and permit direct comparability with the propene data in Section 6.2.3. An
application to obtain time for such measurements under the ISIS Rapid Access

route has been approved, with instrument time at ISIS allocated for April 2021.

In addition to these measurements, NMR has historically been the most widely-
used technique for coked zeolite catalyst studies and measurements of the coked
catalysts by this measurement would also provide useful data. In particular, 27Al
and 2°Si measurements would permit us to determine what degree of catalyst
steaming has occurred in the catalyst in the course of the reaction, and compare
this against acid loss under artificial aging conditions. These measurements are
currently underway in collaboration with the Johnson Matthey Technology Centre

at Sonning Common, Oxfordshire, UK.
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8.2.2 Determining Proton Locations in Zeolites:

One of the aspects of zeolite characterisation of greatest potential industrial
interest is the accurate determination of the acid site locations within the
framework. Attempts to achieve this through the use of neutron diffraction
measurements were reported in Section 3.1.3 and have thus far eluded analysis.
However, attempts to refine the fit of the diffraction data are still ongoing at the
University of Aberdeen and may result in improved refinements of the ZSM-5
structure. An alternative method which is under consideration is the use of single-
crystal studies. ZSM-5 crystals large enough for single-crystal neutron diffraction
cannot be practically synthesised but the same is not true for X-ray diffraction

and planning for a series of such experiments is currently underway.

8.2.3 QENS Analysis of Slow-Moving Systems:

While QENS has achieved good results in observing the motions of hydrocarbons
within the zeolite frameworks in cases where unwanted reactions could be
avoided, it is also clear that nearly all the systems investigated have considerable
movement occurring which cannot be resolved by the instruments employed in
this thesis. This is especially important in the case of octene, where even in the
high-mobility steamed sample it was only possible to resolve molecular rotations
and not the actual motion of the alkyl chain through the pore network
(Section 5.3.2), According to studies of octane diffusion by Jobic, diffusion of Cg
chains takes place on a timescale almost 2 orders of magnitude slower than the
equivalent C3 diffusions.”? It should, however, be possible to observe octene
movements through the application of the spin-echo QENS technique (SE-QENS)
which, as discussed in Section 2.1.3.3, can resolve much smaller energy transfer
values (and hence longer time-scale processes) than backscattering instruments
like OSIRIS and IRIS. The application of SE-QENS to a similar problem, the
extremely slow movement of methanol in H-ZSM-5 as discussed in Chapter 7, is
currently underway with a series of measurements at the Institut Laue-Langevin,

Grenoble, France, which will supply experience with the use of this technique.
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Finally, while the attempts to measure movement in silicalite reported in
Appendix 2 were unsuccessful, the results do indicate that such studies are worth
repeating, if an acceptably pure silicalite material can be sourced for use as the
framework. Comparison of movements in silicalite, with those of the steamed
samples measured in Chapter 5, will be especially enlightening in showing what
residual levels of acid bonding exist in the steamed materials or to what extent
mobility has been increased by structural changes. The primary difficulty will lie
in obtaining a completely acid-free MFI framework; this may require synthesis of
the zeolite material ‘in house’. Steam treatment of the low-aluminium sample
already tested to attempt to remove the residual acid sites is also a possibility

worth investigating.

8.2.4 Improving the Accuracy of MD Force Fields:

Although the MD simulations reported here have provided some useful insight into
the geometry of the hydrocarbon motions observed by QENS, it is also clear that
the force field parameters, particularly those describing zeolite-alkane
interactions, requires modification to more accurately describe the system being
modelled under diverse conditions of temperature and chain length. One
promising approach to do this is provided by the software package ‘molecular
dynamics Monte Carlo’ (MDMC), currently under development by a number of
institutions, including the ISIS Facility.?'? It is possible to simulate QENS spectra
from MD trajectory data in order to fit the force field parameters to QENS results
by iteratively simulating a system, comparing the simulated QENS spectrum to
experimental results and adjusting the force field parameters to bring the two
into closer agreement. MDMC is still presently in early development and is

predicted to be released for public use in late 2021.
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Appendix 1: List of Central Facilities Beam Time
Allocations

Table A1-1: Details of beam-time allocations providing data contributing
toward the results reported above. Allocations provided by the
Science and Technology Facilities Council. All experiments
performed at the ISIS Neutron and Muon Source, Oxfordshire. In
accordance with ISIS policy on open-access research, these
datasets are publically accessible at the provided DOls after
three years from the date of the experiment.

(Sattlg) Type Samples DOI
RB1620443 QENS ZSM5-FR 10.5286/1SIS.E.RB1620443
Studies of propene  (OSIRIS) Unloaded, 5 - 375 K.
formation by + 1-octene (loaded at 293 K),
gasoline cracking in 5-375K.
steamed ZSM-5 by + propene (loaded at 293 K),

QENS. 5-375K.
(November 2016)
RB1620408 INS ZSM5-FR 10.5286/1SIS.E.RB1620408
Studies of propene  (MAPS + Unloaded.
formation by TOSCA) + 1-octene (loaded at 293 K).
gasoline cracking in + propene (loaded at 293 K).
steamed ZSM-5 by + propene (loaded at 140 K).
INS. Propene
(December 2016)
1-octene
Polyethylene
RB1720047 INS ZSM5-FR 10.5286/1SIS.E.RB1720047
INS studies of the (TOSCA) Unloaded.
interaction of + propene (loaded at 140 K),
propene with 140 - 293 K.
ZSM-5.
(December 2017)
RB1720048 QENS ZSM5-ST(873K) 10.5286/1SIS.E.RB1720048
QENS studies of the  (OSIRIS) + propene (loaded at 140 K),
interaction of 5 - 370 K (EFWS only).
propene with
ZSM-5.
(October 2017)
RB1810123 INS ZSM5-ST(873K) 10.5286/1SIS.E.RB1810123
Studies of the (TOSCA) Unloaded.

effect of steaming
on catalyst-
substrate

+ propene (loaded at 140 K),
140 K, 270 K, 293 K.

ZSM5-ST(873K)

interactions in Unloaded.
Z5M-5 cracking + 1-octene (loaded at 200 K),
catalysts. 200 K, 293 K.

(April 2018)
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RB1820118
Studies of catalyst-
substrate
interactions in an
industrial ZSM-5
cracking catalyst.
(November 2018)

RB1820119
Diffusion of model
hydrocarbon

species in a steady-

state industrial
zeolite cracking
catalyst.
(December 2018)

RB1910203

INS Studies of
Olefin Reactivity in
HZSM-5 Zeolite
Catalysts.

(March 2019)

RB1920589
Quantification of
Brensted acid site
densities in
zeolites: an INS
investigation.
(November 2019)

RB1920592
Separation of
factors
contributing to the
overall diffusion
behaviour of olefin
species in catalytic
zeotype structures.
(November 2019)

RB2010486
Studies of 1-octene
cracking in ZSM-5
by INS.

(November 2020)

RB2010522
Additional studies
of propane
diffusion in MFI
zeolite structures.
(October 2020)

INS
(TOSCA)

QENS
(OSIRIS)

INS
(TOSCA)

INS
(MAPS)

QENS
(OSIRIS)

INS
(MAPS)

QENS
(IRIS)

ZSM5-ST(873K)
Unloaded.
+ propene (loaded at 140 K),
170 K - 325 K.

ZSM5-ST(873K)
+ propene (loaded at 140 K),
5-370 K.

ZSM5-ST(1073K)
Unloaded, 5 - 370 K.
+ 1-octene (loaded at 293 K),
160 - 370 K, 5 K.

ZSM5-FR_Prop _473K
Coked catalyst.

ZSM5-FR_Prop_573K
Coked catalyst.

ZSM5-FR_Prop_673K
Coked catalyst.

ZSM5-FR

Brucite Standards
54 mg
154 mg
320 mg
620 mg

ZSM5-ST(873K)
Unloaded, 5 - 370 K.
+ propane (loaded at 140 K),
5-375K.

ZSM5-SIL
Unloaded, 5 - 370 K.
+ propene (loaded at 140 K),
5-375K
+ propane (loaded at 140 K),
5-375K.

ZSM5-FR_Oct_573K

Coked catalyst.
ZSM5-FR_Oct_673K

Coked catalyst.
ZSM5-ST(1073K)_Oct_573K

Coked catalyst.

ZSM5-ST(1073K)_Oct_573K
Coked catalyst.

ZSM5-FR
+ propane (loaded at 140 K),
5-375K.

ZSM5-ST(1073K)
Unloaded, 5 - 375 K.
+ propane (loaded at 140 K),
5-375K.

1-octene
Bulk, 5-375 K.

10.5286/1SIS.E.RB1820118

10.5286/1SIS.E.RB1820119

10.5286/1SIS.E.RB1910203

10.5286/1SIS.E.RB1920589

10.5286/1SIS.E.RB1920592

10.5286/1SIS.E.RB2010486

10.5286/1SIS.E.RB2010522
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Appendix 2: Diffusion and Interactions of Olefins in
Non-protonated Zeotype Structures

The majority of industrial zeolites are solid acid catalysts where the active sites
are Bronsted acid groups located within the micropore structure. The interactions
of the reagent species with these groups and the effect of the pore structure on
the diffusion of adsorbates to and from the active sites are what dictate the
catalytic mechanism of the zeolite and provide its shape selectivity. Having
investigated hydrocarbon mobility in standard H-ZSM-5 in Chapter 4 it has been
established that understanding of what proportion of the barriers to diffusion is
due to the effect of the acid groups is important to understanding the results of
QENS studies and to validating the molecular force field used for MD simulations.
This appendix presents the results of our attempts to distinguish the mobility
effects arising from the acid site interactions from those due to differences in
rigidity and molecular size between alkene and alkane adsorbates. This was
carried out by a combined QENS and molecular dynamics study of the mobility of
our model compound species in a purely siliceous zeotype framework with the

same structure as ZSM-5.
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A2.1 Non-Protonated MFI Frameworks:

The work in Chapter 4 has shown that it would be helpful to gain a better
understanding of the exact role which interactions with the Bronsted acid groups
of H-ZSM-5 play in determining the barriers to diffusion within the zeolite
framework. The most obvious way to obtain this information is by comparing the
results already obtained against those for a zeolite with the same framework
structure, but which has no aluminium substitutions and therefore no acid sites.
Technically speaking, ‘ZSM-5’ refers specifically to MFI structured zeolites with
some level of aluminium substitution, while the purely siliceous analogue is
referred to as ‘silicalite’.” The structural and framework properties of silicalite
are generally similar to those of H-ZSM-5, with the exception that silicalite
frameworks are hydrophobic due to the lack of sites suitable for hydrogen bonding.
This arises because, with the interactions of the silanol groups with water being
insufficiently strong for adsorption to be more energetically favourable than
remaining in the liquid state outside the pores.” Silicalite is still capable of
adsorbing hydrocarbons smaller than the limiting radius of the pores, meaning that
C3 and Cg model compounds can be introduced in the same manner employed

previously.

A2.1.5 Silicalite Characterisation:

Sourcing silicalite in quantities sufficient for neutron-based analysis is harder than
obtaining ZSM-5 because it is not widely used as an industrial catalyst. Owing to
the lack of acid-based activity, it is not manufactured in significant quantity. This
process is further complicated by the fact that the synthesis process for silicalite
will readily, and preferentially, incorporate even trace quantities of alumina
contamination, generating an extremely low-aluminium ZSM-5 instead. These
investigations were performed using the lowest-aluminium content material which
could be sourced from Johnson Matthey. This had a silica:alumina ratio of 1290:1
(Si:Al = 645:1) as assessed by X-ray fluorescence; characterisation studies of
ZSM5-FR have shown that XRF habitually overestimates the level of framework
aluminium in ZSM-5 samples (Section 3.1.2), thus it is expected that this material

will have a nominal level of Brgnsted acidity that can serve as a suitable silicalite



Appendix 2: Diffusion and Interactions of Olefins in Non-protonated Zeotype Structures 315

analogue. The material as supplied was calcined and dried according to the

procedures in Sections 2.4.1 and 2.4.2 and the resulting material assigned the

short designation ZSM5-SIL.

Absorbance

(b)
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure A2-1: Infrared spectra of ZSM5-FR (a) and ZSM5-SIL (b) recorded by
DRIFTS. Spectral intensities normalised with respect to the

silanol framework peak at 1875 cm'.

The infrared spectrum of ZSM5-SIL (Figure A2-1) confirms that it is silicalite-like
in character. The broad peak centred at 3485 cm™ is characteristic of silicalite-
type frameworks and is assigned to silanol hydroxyls interacting by medium-
strength hydrogen bonds, as they are located in close proximity in silanol nests.?'3
The separate peak at 3692 cm™ is assigned to silanols which are located in
isolation at the exterior surface and which therefore are not subject to this
hydrogen bonding. The ZSM5-SIL spectrum shows no signs of the peak associated
with Brgnsted acid O-H groups, observed at 3595 cm™' for ZSM5-FR.
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Table A2-1: Comparison of the structural and acid properties of ZSM5-FR
and ZSM5-SIL as established by zeolite characterisation

measurements.
2Z7Al NMR Ammonia TPD
Total AlO .

Sample Relative Relati4ve Silanol Bronsted

Intensity Intensity (/SL:tE; (/Sl:tsf

(£ 0.03) (+0.03) : :
ZSM5-FR 1.00 0.91 2.62 +0.26 2.31+£0.12
ZSM5-SIL 0.02 0.02 0.87 +0.14 0.01 £ 0.01

!\(a)

Intensity (Arb. Units)

100 50 0 -50
Chemical shift (ppm)

Figure A2-2: Comparison of the %Al NMR spectra of ZSM5-FR (a), and
ZSM5-SIL (b) showing changes reduced framework AlO4 content.

The results of additional characterisation of ZSM5-SIL are compared with the
corresponding values for ZSM5-FR in Table A2-1. Al NMR measurements do show
a population of AlOs4 nuclei at the chemical shift associated with framework
aluminium (Figure A2-2); the intensity of this peak is at the limits of detectability,
but is approximately 2 % that of the framework peak in ZSM5-FR suggesting that
ZSM5-SIL does contain framework acid sites but with an Si:Al ratio of ca. 1300:1,
lower than even that predicted by XRF measurement. Ammonia TPD
measurements show similar results (Figure A2-3), with a barely-detectable
amount of ammonia chemisorbed to Brgnsted sites being desorbed between 810
and 860 K. The amount of silanol groups detected by TPD is also reduced,

indicating that the large number of silanol nests detected in the DRIFTS spectrum
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are not active for ammonia chemisorption. Form these results it can be surmised
that ZSM5-SIL is largely siliceous, but contains a very low level of widely-dispersed
acid sites, something which proves to have an important effect on the QENS

studies discussed below.
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Figure A2-3: Ammonia desorption vs temperature trace for ZSM5-FR (a) and
ZSM5-SIL (b). Peaks represent the desorption of ammonia
molecules chemisorbed to silanol groups from 400-600 K and
those bound to Bransted acid sites from 650-900 K.'32

A2.2 QENS Investigations Using Silicalite:

QENS investigations were performed of the mobility of propene and propane in
ZSM5-SIL at loading levels of 4.95 and 4.97 molecules per unit cell respectively.
The propene sample was loaded at 170 K to prevent reaction, while the inert
nature of the propane meant that loading of this sample was carried out at room
temperature for simplicity. Measurements used the OSIRIS spectrometer. Both
samples were cooled to base temperature and EFWS data collected; propane data
was taken at 20 K intervals from 30-370 K, while for the propene sample collection
was every 20 K from 30 - 170 K and every 10 K from 180 - 300 K.

For the propene sample, once the sample has entered the liquid propene phase

mobility in the silicalite framework is slightly higher than that in ZSM5-FR



318 Appendix 2: Diffusion and Interactions of Olefins in Non-protonated Zeotype Structures

(Figure A2-4), a factor which can presumably be attributed to the reduced effect
of acid-olefin bonding. Unfortunately, once the sample reaches ca. 210 - 225 K it
undergoes a large decrease in mobility similar to that observed in the fresh
material. It appears from these results that despite ZSM5_SIL only having a
minimal level of acidity, this is still sufficient to catalyse the oligomerization of
the entire propene dose once the temperature rises above the activation energy
of the oligomerization reaction. Hence determining the mobility of olefins in an
unaltered MFI framework without effects from acid groups or oligomerization
reactions will require the sourcing of a true silicalite material without any trace
level of aluminium whatsoever. The lower relative mobility of the final oligomer
in the ZSM5-SIL sample does suggest that the product molecule has a larger
average size than that in ZSM5-FR, presumably due to the very widely spaced acid

sites leaving increased room for oligomer growth.
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Figure A2-4: Elastic fixed window scan data for propene in ZSM5-SIL (a)
compared with equivalent data in ZSM5-FR taken from
Figure 4-24 (b). Relative elastic intensities normalised against
the value at 20 K to allow comparison between samples.

In contrast, the propane results exhibit anomalous behaviour which indicates the
presence of a fault having occurred during the data collection for this sample.
Since propane is unreactive, the expected EFWS pattern would be a constant

decrease with increasing temperature, with the rate of decrease varying as
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determined by the phase changes of the propane, as observed in ZSM5-FR in
Figure 4-24. Instead, as shown in Figure A2-5, there is an increase in the relative
elastic intensity between 130 and 150 K, following which the rate of mobility
increase is considerably less than that observed in ZSM5-FR. This temperature is
far too low for this change to be due to a reaction of the sample, even if propane
was capable of reacting in such a manner. Furthermore, if the sample is re-cooled
with EFWS data being collected during the process it can be seen that this increase
in elastic intensity is not permanent (as would be the case if it were due to a
reaction of the sample) but does exhibit a hysteresis effect where the trace
remains in the ‘high’ mode until 130 K, following which it returns to the previously

observed behaviour over the course of ca. 40 K.
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Figure A2-5: Elastic fixed window scan data for propene in ZSM5-SIL from
10 - 370 K (a) and the same sample during re-cooling from
360 - 70K (b).

Attempts to develop an explanation for this behaviour have so far been
unsuccessful. The removal of propane from the sample into the experimental
environment is not a suitable explanation for three reasons: the temperature is
such that it would have to do so as a liquid, leaving it nowhere to migrate that is
not in the instrument beam. Monitoring of the pressure in the gas handling
pipework did not indicate an increase in gas pressure consistent with propane

migrating out of the sample. In addition, the migration of the hydrocarbon outside
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the instrument beam would have the effect of decreasing the overall scattering
intensity, an effect which is not observed. Further measurements have established
that this behaviour is reproducible, but have not clarified the matter beyond that.
Current lines of enquiry centre on possible confinement effects within the zeolite
crystals or, as-yet, unidentified errors in the experimental protocol, but a

satisfactory explanation remains elusive at present.

Therefore, the attempt to obtain QENS measurements of the movement of C;
molecules in a non-protonated MFI framework has foundered on a combination of
issues with experimental design and the inability to source a suitable silicalite
material for testing and cannot be used to derive information on the effect of the
acid site interactions on hydrocarbon mobility. Work outside of this project will
examine experimental protocols in an attempt to establish whether certain

sample handling procedures are compromising the QENS measurement.

A2.3 MD Simulations in Silicalite:

MD simulations of the C3 and Cs model compounds in silicalite were performed by
removing the Al substitutions and associated acid sites from the frameworks used
for the simulations reported in Section 4.3; all other aspects of the simulation
procedure were identical to the earlier experiment. The results, given in
Table A2-2, show that (with the exception of some anomalous behaviour in the
low temperature octane simulations) the simulated hydrocarbons diffuse
approximately 8 % faster in silicalite than H-ZSM-5, and thus that the Brgnsted
acid sites account for this proportion of the overall barriers to diffusion in the
simulated system. The activation energies of the motions do not appear to change
significantly between the two frameworks. Unfortunately, without experimental
data to benchmark these results against it is not possible to assess how accurately

they correspond to interactions in actual zeolite-hydrocarbons systems.
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Table A2-2: Self-diffusion coefficients (Ds) and activation energies (Ea) for
propene, propane, 1-octene and octane in silicalite calculated
from MD results. Ratios show the relationship of these values to
those from the corresponding simulations in H-ZSM-5 from

Chapter 4.

T D; (m?s™) Ratio Silicalite : ZSM-5
(K) Propene Propane Propene Propane
170 9.52 x 107° 8.36 x 107° 1.08 : 1 1.13:1
220 1.32 x 10° 1.20 x 10° 1.07 : 1 1.10 : 1
270 1.73 x 10° 1.53 x 10 1.08 : 1 1.07 : 1
320 2.08 x 10° 1.90 x 10°° 1.06 : 1 1.09 : 1
370 2.42 x 107 2.23 x 107 1.03: 1 1.07 : 1

(m‘Zg_1) 475x10°  424x10°  1.07:1 0.99 : 1

Es 2.29 2.29 1:1 0.92 : 1

(kJ/mol)

T Ds (m?s™) Ratio Silicalite : ZSM-5
(K) 1-octene Octane 1-octene Octane
170 2.96 x 107° 2.85 x 107 1.02 : 1 0.96 : 1
220 4.34x107° 4.13x 107 1.00 : 1 0.92 : 1
270 6.13 x 107° 6.19 x 100 1.04: 1 1.07 : 1
320 7.78 x 107° 7.76 x 10710 1.03: 1 1.07 : 1
370 9.57 x 107° 9.53 x 10 1.07 : 1 1.07 : 1

(meg'1) 2.72 x 107 2.93 x 107 1.06 : 1 1.08 : 1

Ea 3.26 3.50 1.02:1  1.02 :1

(kJ/mol)

A2.4 Summary:

Attempts have been made to experimentally determine the effect of Bragnsted

acid groups on adsorbate diffusion through the use of QENS methods.

Unfortunately, the derivation of useful insights into diffusion behaviour from the
results has been stymied by a variety of experimental factors. MD simulations
suggest that these interactions account for approximately 8 % of the energy
barriers to diffusion in H-ZSM-5, but in the absence of experimental validation of
these results, they cannot be regarded with confidence. Additional QENS

measurements correcting the issues identified above, most notably through the
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provision of a truly acid-free silicalite catalyst, are required. The results although
inconclusive are reported here as it is thought the outcomes observed may be
indicating some vulnerability in sample handling procedures. In part, it reveals
the care required to examine C3/C5 diffusion characteristics in zeolites and as a
function of Brgnsted acid site density. At present, a more consistent correlation

between experiment and simulation is evasive.
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Appendix 3: Additional Mass Spectrometry Data for
Reaction Tests

The data presented here represents the full-duration mass spectrometry data
recorded for the 1-octene cracking reactions reported in Chapter 6, Section 6.3.2.
Averaged data at key reaction points from these traces was used to prepare
Figures 6-17 and 6-19. The numbers on each plot represent the atomic mass
number of each trace, which are analysed according to the assignments in

Table A3-1. All signals are normalised against the flow gas for each reaction.

Table A3-1: Assignment of the expanded array of mass spectroscopy signals
in Figures A3-1 - A3-9 to associated molecules. All alkene signals
should be interpreted as also including contributions from
fragmentation of larger molecules in the mass spectrometer.
The 27 amu signal is used to monitor levels of ethene due to
the use of N2 (m/z = 28 amu) as a flow gas in some reactions.

Signal (amu) Associated Fragment

27 Ethene

41 Propene

44 Propane

55 Butene

58 Butane

70 Pentene

72 Pentane

78 Benzene

79 Dimethyl cyclopentadiene
84 Hexene

86 Hexane

91 Tropylium (subst. benzenes)

112 Octene
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Figure A3-1: Eluent mass spectrum from passing 1-octene over a SiO; blank
at 473 K.
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Figure A3-2: Eluent mass spectrum from passing 1-octene over a SiO; blank
at 573 K.
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Figure A3-3: Eluent mass spectrum from passing 1-octene over a SiO; blank

at 673 K.
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Figure A3-4: Eluent mass spectrum from reacting 1-octene over ZSM5-FR at
473 K.
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Relative Intensity vs Flow Gas
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Figure A3-5: Eluent mass spectrum from reacting
ZSM5-ST(1073K) at 473 K.
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Figure A3-7: Eluent mass spectrum from reacting 1-octene over
ZSM5-ST(1073K) at 573 K.
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Figure A3-8: Eluent mass spectrum from reacting 1-octene over ZSM5-FR at
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