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Abstract

The methanol-to-hydrocarbons (MTH) reaction isexittle alternative step in the upgrading
of natural gas, coal or biomass. By tuning thelgataand process conditions, methanol can
be converted into a variety of hydrocarbon produetsuding gasoline and polymer-grade
olefins. While the reaction has been known for mgears, reaction mechanisms are still not
fully understood. Most previous mechanistic studiage been performed on aluminosilicate
zeolites, so the aim of the present work was testigate the effect of a less acidic catalyst on
the mechanisms of olefin formation. For this reagbe silicoaluminophosphate H-SAPO-5

was synthesised, characterised and tested for n@tbanversion.

During the synthetic effort to produce H-SAPO-5 p&en suitable for mechanistic studies it
was found that samples with plate-like morphologyuld be obtained after a short
crystallisation time from mixtures containing thglamine. While the competing growth of
other zeolitic phases proved a challenge, severanpeters were investigated and conditions
favouring growth of the desired phase was foundar@tterisation of synthesised materials
revealed numerous structural defects, but also ttatmaterials possessed similar acidic

strength to the commercial silicoaluminophosphatalgst H-SAPO-34.

Catalytic studies revealed that MTH over H-SAPOidds primarily light olefins, especially
propene and isobutene. A series of catalytic tastdifferent conditions and use of both
labelled methanol and co-feeding of benzene andchanet revealed that methylbenzene
intermediates are not as important as what has dleserved in aluminosilicates such as H-
Beta. While methylbenzenes were found to be adbovelefin formation, it was found that
isobutene and larger olefins were primarily gerestatia other intermediates. A mechanism
where olefins are produced both by a cycle of ss&ige methylation and cracking, where
2,2,3-trimethylpentene is a key intermediate, amainfmethylbenzenes was thus proposed.
The decreased importance of methylbenzenes magused by the less acidic H-SAPO-5 not
catalysing hydride transfers as efficiently as ahomilicate catalysts. The mechanistic
proposal shares many similarities with observatiomszeolitic catalysts during low-

temperature processes and when steric effectsriineléormation of methylbenzenes.
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List of abbreviations used in this thesis

*BEA

AEI

AFI
AIPO,
B/H

B/L

BET
CHA
DME
EDS

FID

FTIR

GC
GC-MS
Hexa-MB
HMB
HMMC
HTI
IUPAC
MeAPO
MeAPSO

MeOH

IZA code for the framework of zeolite Beta

Arbitrary unit

IZA code for the framework of AIP£18 and SAPO-18
IZA code for the framework of AIP£5 and SAPO-5

Aluminophosphate (zeolitic material composed affAlnd O)

A sample synthesised and used in this workr@ahaped/high-silica)

A sample synthesised and used in this work @ashaped/low-silica)

Braunauer-Emmet-Teller

IZA code for the framework of Chabazite, SSZ&t SAPO-34
Dimethyl ether

Energy dispersive x-ray spectroscopy

Flame ionisation detector

Fourier transform infrared spectroscopy

Gas chromatography

Gas chromatography with MS detector

Hexamethylbenzene

Hexamethylbenzene
1,2,3,3,4,5-hexamethyl-6-methylene-1,4-cyckdmdiene
Hydrogen transfer index

International Union of Pure and Applied Chstry
Metal-aluminophophate (a metal containinB® material)
Metal-silicoaluminophophate (a metal canitey SAPO material)

Methanol
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MFI
MS
MTG
MTH
MTO
MTP
MWE##(#)
NMR
P/H
P/L
Penta-MB
PMB
SAPO
SC
SDA
SEM
TEA
TGA
TIGAS
TOS
TPA
TPD
WHSV

XRD

VIl

IZA code for the framework of ZSM-5
Mass spectrometry
Methanol-to-gasoline
Methanol-to-hydrocarbons
Methanol-to-olefins
Methanol-to-propene
Denotes the number of an experiment peréalin this work
Nuclear Magnetic Resonance
A sample synthesised and used in this workdpike/high-silica)
A sample synthesised and used in this workdgike/low-silica)
Pentamethylbenzene
Pentamethylbenzene
Silicoaluminophosphate (zeolitic material ¢sinsg of Si, Al, P and O)
A sample synthesised and used in this work (smatals)
Structure directing agent
Scanning electron microscopy
Triethylamine
Thermogravimetric analysis
Topsge integrated gasoline synthesis
Time on stream
Tri-n-propylamine
Temperature-programmed desorption
Weight hourly space velocity (often referredstmply as space velocity)

X-ray diffraction
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1 Introduction

As world oil reserves are limited and the oil ps@e increasing, interest in the utilisation of
other feedstocks, such as natural gas or biomassprbduction of chemicals usually
produced from oil is increasing. The mounting eowmental concerns of recent years are
also leading to increased interest in cleaner s for production of base chemicals and
gasoline. In addition to this, world demand forymdéfins is expected to grow in the future,
thus further increasing demand for ethene and pep8upply of these base chemicals is
mostly provided today from steam cracking of naphéimd fluid catalytic cracking (FCC)
processes. However, especially for propene, modecated processes for their production is
expected to be required to meet future dem&hds.

Catalytic conversion of methanol over acid catalyista process that is potentially able to
contribute to the supply of both gasoline and liglefins. This process, known collectively as
methanol-to-hydrocarbons (MTH), can be tuned foodpction of different hydrocarbon
products by varying process conditions and/or gatalised. Production of methanol is
already well known and can be achieved, via syighgas, from a variety of feedstocks
including natural gas, biomass and coal. It has deen suggested that methanol is a more
viable choice than hydrogen for energy storagehenftituré’. MTH might well become an
important and flexible contribution to world hydesbon demand, especially in an economy
where methanol plays an important part. Unfortugatthe reaction mechanisms for the

process are not fully understood.

The aim of this work has been to provide insigho ihow (or if) the acid strength of the
catalyst used affects reaction mechanism. Forpghipose a material called H-SAPO-5 was
synthesised, characterised and used in catalysics @ methanol conversion. While this
material is not commercially attractive as an MThtatyst, its acid strength is not very
different from the commercial catalyst H-SAPO-3eTrelatively open and simple structure
of H-SAPO-5 should make it viable as a model catally the reaction and allows co-feeding
of large aromatic intermediates. Added to this,sitsicture is somewhat similar to another

structure of stronger acidity often used in mecsianstudies of the reaction (H-Beta).



While striving towards this end several obstaclesenencountered, leading to less time for
actual mechanistic studies. The synthesis of alslgitcatalyst sample proved difficult and
characterisation of synthesised materials alsoatedethe material to be more complex than
originally assumed. On top of this, problems wehnoducibility were encountered during the
catalytic testing. While all these problems werkvad in their turn, the end result is a thesis
where catalytic testing and mechanistic studiey oohstitute part of the total work. Due to
this, it seemed reasonable to divide it into sdv@rere or less) independent parts. Part |
deals with the synthesis of a suitable sample @ARO-5, while part Il comprises all
catalytic studies performed. Part Il, which incladel characterisation results of the samples
to be used, is meant to tie the two parts togetherintroduction and summary of previous
work on MTH and H-SAPO-5 is included first, whiadlevant for all three parts.



2 Zeolites and catalysis

2.1 Catalysis

2.1.1 Whatis catalysis

A catalyst accelerates a chemical reaction witlisetf being consumed and without alter
the overall thermodynamics of the reaction. Thisally occurs by the catalyst bonding to -
reactantsallowing them to react witlower activation energy thamhat would have been ti
case if they had reacted directly with the presence of a catalysthé bond between tf
catalyst and the product tiser broken, leaving the catalyst free for another cyEigure 2.1

illustrates the difference between a catalysedaamndncatalysed reactic

®e

potential energy

catalyst
bonding reaction separation

A 4

reaction coordinate

Fig. 2.1: Paential energy diagram of an uncatalysed (upjine) and a catalysed reacti
(lower reaction path). Note the added complexitythef catalysed reaction path and that
activation barrier is much lower than the uncatadlygeaction. Note also that the overall ene¢

change is the same in both pattigure adapted from [3].

From figure 2.1it is evident thathe catalytic reaction path in involves more stdmntthe
uncatalysed path.nlmany cases a catalytic reactiol indeed muich more complex the
reactions not involving cataly:, but the lowered activation barrier(s) still make catalytic
reaction favourableAn important fact is apparent when look at thereaction scheme in
figure 2.1, namely thdhe backwards reacti is accelerated as much as the forwarc. This

meanghere will be no change in the equilibrium positltween the reactants and prod.



A catalyst can in principle take any form, inclugliatoms, molecules and larger solids like

metal or oxide surfaces. The next section highfigltime different types of catalysis.

2.1.2 Different types of catalysis

Generally, a division is made between homogeneous l@eterogeneous catalysis. In
homogeneous catalysis the catalyst, reactants amdlugts are in the same phase, most
commonly the liquid- or gas-phase. Examples of hgeneous catalysis include the
decomposition of ozone in the atmosphere catalysedhlorine atoms and the industrial
production of acetic acid from methanol over adiinn complex catalyst. Heterogeneous
catalysis, on the other hand, has the catalyshath&r phase than the reaction mixture. Most
often the catalyst is a solid, while reactants pratiucts are in the gas or liquid phase. Many
processes in oil refining utilise heterogeneousalgsis to provide base chemicals for

everyday items like plastics and the productiogadoline.

In addition to homogeneous and heterogeneous saadythird type called biocatalysis or
enzyme catalysis is usually differentiated from dtkers. This is the type of catalysis that
takes place in living organisms, where complex mukes called enzymes catalyse numerous
processes with very high selectivity.

The focus of this thesis focuses lies on a speb#ierogeneous reaction: the conversion of
methanol to hydrocarbons. This reaction is catalysg zeolitic materials, which are acidic
solids, while both reactants and products areemgtis phase.

2.2 Zeolites and related materials

2.2.1 History

Zeolites are a class of naturally occurring alursilicates first reported by the Swedish
geologist Cronstedt in 1756. They were later fotmdbe one of the most abundant mineral
crystals in the world (see fig 2.2 for an examdleatural appearance). The name “zeolite” is
derived from from the Greek words “zeo” and “lithaseaning “to boil” and “a stone”,

respectively. This name was chosen because ofattaeah zeolites exhibition of intumescence



upon rapid heatingnakes the stone appear to . The mneral class is characterized by
threedimensional structures comprised of corner shafii@, tetrahedra, where can
indicate amultitude of elementimost commonly silicon or aluminiunThese frameworks a
generally very open and contain channels cages usually filled with water and loosely h
cations. It is this water, which is readily losdamegained, that gives rise to the intumesc

and apparent boiling of the materit* °

Fig. 2.2 Zeolite Edingtonite from British Columbia, Can®.

Even though reversible ion exchange in zeolites dasonstrated early as 1858 by
Eichhorn and the molecular sieving properties wagecribed by Weigel and Steinhoff
1925, zeolites experienced little commercial irgergpart fror asjewelry for close to 20
years. This changed in the forties and fifties, it M. Milton managed t synthesise
zeolites by low temperature hydrotherrmethods The fifties saw increased usage of zeo
as desiccants and molecular sieves, while in tkgesithe potential for use in cataly
applications was realized, most not: as cracking catalysis oil refining. Since then the
market for zeolites has growsteadily, with the major applicatioriseing ion exchange

catalysis and usas adsorbent”

The number of zeolite structures has alsreased greatly during later years, and mrof the
structures that have beesynthesisd have no natural counterpartRelated materials
comprising other elementhan aluminium ad silicon have also beesynthesisd, with at
least 20 types of T-atonegpart from Al and i reportedin different zeolitic framework&’.
Someof these materials even hi novel structures not observéor aluminosilicats. In
201Q the structure commission of the International [ZecAssociation repoed that 194

different framework types libeen approved and eagiven a three letter co.®!



This large number of closely related structureselam several different elements has le
difficulties concerning the definition of zeoliteBy some, zeolites are regarded as
mineral consisting of TQtetrahedra formed into frameworks withen cavitie!®, while
others consider only the structures consistingiafr@ Al as true zeolit!”. The latter group
usually refers to similar structures contair other elements as zeotypes. In addition
recommends the use of framework density to distsigaeolites and zeotypes from der
tectosilicates,as zeolites usually have framework density loweanth-20 “-atoms per
100043, This work will consider all materials consistiofyIZA approved frameworks wit
only SiQ, and AlQ, tetrahedra as zeolites, and refer to structuregagong other elementss
zeotypesThe term “zeolitic” is used as a common name tormaath zeolites and zeoty

materials.

2.2.2 Structure and properties

As established aboveeolitic material consist of TQtetrahedra with shared corners form
a three dimensiondtamework The tetrahedra are often referred to as the primaitgihg

blocks of the zeoliteand the structure iformed by the connectiorizetweel these primary
building blocks. Figure 2.Blustrates these relatio:

.,;]. b
b4

Fig. 2.3: lllustration of how the T4, tetrahedra connect to form a zeolite structurenftoe

webpage of the British Zeolite Association (B**.

In addition to this, a number of secondiand composite building units that are presen
many structures have been recogn. Secondary building unit¢§SBUs are finite units

derived on the assumption that the entire framewarkbe made from one type of unit or



SBUs are invariably achiral and the unit cell aghaterial always contains integral number
of these unit€). However, several frameworks may be built from nmttxan one type of SBI
and some of the SBUs (especially the 4, 6 &1 units) can be used build a plethora c
different frameworks. @mposite building units (CBUs) are larger units ttfse nof
necessarily achiral and can be infinitely exten@ied chains or lyers). They appear in mo
than one framework type and are useful in ascéng relations betweedifferent framework
types,but cannot necessarily be used to construct whialadworls. Understandin¢zeolitic
structuresfrom these bigger units is usually easier than fqommary unit: and unit cell

parameters onl\some exampleof SBUs and CBUs are presented in figui4.

cha

5.1 5-[1,1] 1-5-1 53 Double crankshaft chain (dcc)
Fig. 2.4: Some examples of SBUs (left) and CBUs (right) frtma IZA webpag®. Oxygen
bridges have been omitted for clarity in the draysi

The building units described so far are usefuligualizing the full framework, but the mc
useful initial description of ezeolitic structure is often in terms dfs pore system. A
description of the dimensionality of the channedteyn, the aperture of the pore opening
whether larger internal cages are pre allows recognition of the framework’s key featu
Pore openings are usuatiizaracterized by the si.of the smallest ring in the pore and nar
after how many Tatoms it contain The most common sizes are 8,ar@@l 12 ring, with free
diameters of roughly 4.1, 5.5 and 7.4 A respegjiifetiot distortel*?. Larger rings also exist,
including the 18 ring of the Ml framework, but they are all below Z0ard thus fall in the
range referred to by IUPA&s microporot!*?.

While the framework and porosiiprovidesthe molecular sieving abili of the materials,
since only certain molecules are small enough to enter gtnucture other properties are

dependent othe nature of the -atoms. A framework consisting of Sj@trahedr only will



be electronically neutral, but the presence of &aratAm induces a negative charge in the
framework, which must be compensated by a catisiuénthe framework. These cations are
often loosely bound and easily exchangeable, givieg to the ion-exchange properties of
zeolite$”. The amount of aluminium in zeolites is usualipited to half of the total T-atoms
as per Lowensteins rdtd, which states that Al-O-Al bonds in the framewoaks forbidden.

As briefly mentioned before, zeolitic materials camtain other T-atoms than silicon and
aluminium. For instance, inclusion of boron or edmts from period three of the periodic
table in zeolite frameworks has been frequentlpre'®. One class of zeotypes prepared
by combining the elements on either side of siliconthe periodic system, called
aluminophosphates (ALR®), was synthesised by workers at Union Carbid@982*®. In
these materials the T atoms are half Al and haif R strictly alternating fashion, providing
the framework with localized charges but keeping tiet neutrality of the material. The
properties of such materials differ somewhat frdomanosilicates. While these materials do
not possess ion-exchange properties when net frarkestarge is zero, this is obtainable by
substitution of tetravalent elements for phosphsroudivalent elements for aluminitih e
Most notable among zeotypes with ion-exchange tadsiliare the silicoluminophosphate
(SAPO) materials, first reported in 1984%% |n these materials silicon mainly substitutes for
phosphorous in the lattice to produce a net negatinarge. In addition to silicon, numerous
other elements have been incorporated into Al@mework" 2! and zeolitic materials
containing neither Al nor Si, such as gallophospbahave also been synthesised. In addition
to this, the possibility of intergrowths betweerifetient framework$? and compositional
gradient€? makes the chemistry of zeolitic materials richeied.

H
If the balancing cations of a net negative mateaial protons,

II

obtained. Such materials, usually denoted by arefdrb their /'°|\| |\
name (e.g. H-SAPO-5), are highly suited for hetermgpus |

Bransted acidic sites located at defined sitehiénnbaterial are /’///,, - /O\ o\
S.\\

catalysis. Figure 2.5 shows such a Brgnsted siterevithe Fig. 2.5: A bridging Brgnsted
bridging oxygen between two different T-atoms haidgsroton. acidic site in a zeolite or
Although solid acidity is a very ambiguous t&fhit is possible SAPO material.

to distinguish between Brgnsted acidity (protonaid@and Lewis acidity (electron acceptor).

While most solid acids contain large numbers of isesites, an ideal zeolite contains only



Brgnsted sites. When zeolites contain Lewis ad&ssthese are usually related to defects or

extra-framework species present in the matéfial

The acid strength of zeolitic materials is relabedh to the surrounding structure (framework
type) and the chemical composition of the matefdial SAPO materials, acid strength of
bridging Brensted sites is also affected by the Imemof neighbouring Si T-atoffd. It
should be noted that the term acid strength is usmdewhat ambiguously in different
situations to describe both the density of acidssénd the actual acid strength (related to the
ease of removing the proton). In this thesis, hakethe term will be used only relating to the
actual strength of the O-H bond at an acid sitelenthe density of the sites will be referred to
as acid site density. The composition of a zeadbteften given as Si/Al (or sometimes
SiO,/AIO3) or in a SAPO as (Al + P)/Si, and the acid sitagily is inversely proportional to

this number.

2.2.3 Synthesis of zeolitic materials

Most zeolite syntheses are based on sol-gel antbtngtmal synthesis methdts Usually

the reaction mixture of a zeolite consists of arhors silica and alumina in an aqueous
solution containing mineraliser and cations or arganolecules. This mixture forms a gel by
condensation reactions at low temperature andeis tieated in a sealed autoclave above the
boiling point of the water. The function of a miakser is to speed up crystallisation, usually

by increasing solubility of the reactaAts This role is commonly fulfilled by OHond?"!.

The role of cations and organic molecules in thetune is poorly understood, but in addition
to acting as charge balance for the zeolite framkewthey appear to have a structure
determining effect. They have been thought to acteaplates by filling the voids of the
zeolite structure, but more complex interactionMaein them and the framework might also
occur. Typical cations are from group | or Il, vehtkmines and ammonium ions are the most
common organic molecules utilised. All these speerben used in zeolite synthesis are often
referred to as templates or structure-directingneggéSDAS). It should be noted that while
these species are regarded as structure-dire¢hiegsame structure can in many cases be
formed with more than one type of SDA, and an SA often be used to form more than

one type of structure. A brief overview of temptatin zeolite synthesis can be found in [28].



As the diversity of zeolitic structures is enormowsynthesis conditions are critical to
obtaining the wanted phase and composition. Fastack as pH, the nature and amount of
the reactants and SDA used, temperature, crysiadis time, ageing time of the initial gel,
whether the mixture is stirred or not during crilsation and many more factors determine
what end product is obtained. The IZA handbook ifiezt synthesis of zeolitic materialé”
provides a series of general articles on some teesjinthesis parameters, while Cundy and

Cox®% have written a detailed review on the hydrothersyathesis of zeolites.

Synthesis of aluminophosphate-based zeotypes fierpead in much the same way as zeolite
synthesis, but where zeolites are usually syntbdse high pH aluminophosphates are
usually synthesised in the pH-interval 3-10. Th@eaources of aluminium utilised in zeolite
synthesis can be used to produce aluminophosphategell, while phosphorous is nearly
always introduced in the form of orthophosphoricdatsually, there is no alkali cations
present, and the SDA is an amine or quaternary ammohydroxide ion. Silicon or other
heteroatoms to be incorporated are added to thiirei which is crystallised hydrothermally
at 100-200°C”

2.2.4 Zeolite catalysis

Although the largest use of zeolites on a volungdia for ion exchange in detergents, use in
catalysis is still the largest value mafRetThe vast majority of zeolite used for catalysis i
used for the fluid catalytic cracking (FCC) proceskere heavy oil fractions are converted to
lighter, more useful lighter fractions over a zeolY catalyst (a zeolite composed of large
cavities connected by twelve-ring apertures). Othetable catalytic processes utilising
zeolites include hydrocracking, isomerisation ghti gasoline or xylenes, and alkylation of
benzen&. In addition, another potential application of i catalysts is in the conversion

of methanol conversion to hydrocarbons (more omiththe next section).

In general, what makes zeolites attractive for Igsi® is their high surface area, defined
crystal structures, high thermal stability, podgipiof modulating active sites (including the
incorporation of metal sites to the lattice) and 8hape selectivity brought about by their

pores of molecular dimensions. Shape selectivityfen divided into three types, as shown
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schematically in figure 2.5Reactant selectivity occurs when reactants aydae to ente
the channels of the zeoljtavhile transitio-state- and productselectivity prevents th
formation of transitiorstates that are too large to exist inside the pamesproducts too larg
to diffuse out of the crystal, respectiv.*" If the molecules formed inside the zeolitic ps
are too large to diffuse out of them, these musieeireact further to species that are abl
leave the structe or be left inside, possibly reacting to form mVarger specic which may
cause deactivation of the zeolite catalyst. Impartant o bear in mind that sha-selectivity

only occurs in the bulk volume of a zeolitic ma#d. This meanshat the smaller the cryste

are,the less effective the shape selectivity propemidsbecome as more of the reactic
32,

take place on the surfaceiorthe pore mout

Reactant selectivity

Transition-state
selectivity

Product selectivity

Fig. 2.6: The three types ohape-selectivity (adapted from [31])
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3 The Methanol-to-Hydrocarbons process (MTH)

3.1 History and overview of the process

The methanol-tdrydrocarbon (MTH) process is, as its name suggests, a process
methanol is converted tm a mixture of hydrocarbo. The reaction proceeds over aci
catalysts such as zeolitmaterials an a general stoichiometric equation of the reaction

be written as:
CH30H - “CHy” + H,O

The “CH,” in the equatiorabove represents a variety of hydrocarbobsth of aliphati and
aromatic charactefThe exact species forn depends omrocess conditions and the sh-

selectivity properties of the zeolite catalyst (=°

. In industrial applications, reacta
methanol is produced from synthesis gas-gas, a mixture of Hfand CO/C(,) through well
known processeautilising a Cu/Zn/A,Os; catalyst athigh pressure and intermedi:
temperature. The sygas itself is produced from a carbon containingl$éeck (usually coe
or natural gas), usually bsteam reforminf®!. Structures of H-SAP@4, a framework of
cages with 8-ring aperturesnc H-ZSM-5, with 10ring pores, are shown below in figure .
together with the structure of-Beta. The first two are the most common indust&hlysts
for MTH processes, while the -ring pores of HBeta makes this structure useful

studying reaction mechanist

Fig. 3.1: The structureof H-ZSM-5 (MFI framework), H-SAP(4 (CHA) and t-Beta
(*BEA) are shown from left to righ Note that all structures have three dimensionahk
systems. Oxygen and atoms differ in colour, while channel systems ai@ath with outside:

grey and insides blue
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The process was discovered by accident when Cha8dvéstri at Mobil’s research division
were working on methods to produce high octanelgestrom methanol and isobutane over
zeolite catalysts in the 1970s. They discovered &wen though the isobutane was not
consumed, a mixture of alkanes and aromatics girtaldigh octane gasoline was produced
from the methanol alorf&>* The ongoing energy crisis at the time had ledreaginterest

in synthetic fuels and provided favourable condisidor continuing the research into this new
methanol proce&¥!. This led to the construction in 1986 of a plantiew Zealand utilising
Mobil's patented methanol-to-gasoline (MTG) progasswhich methanol is converted to
gasoline over H-ZSM-5. However, the oil prices sabopped and gasoline production was
closed down not long after coming on-fhé* 3!

Even after the somewhat decreased industrial sttemaethanol catalysis remained an
important research topic. This has led to sevatall@s and patents on methanol conversion
over zeolitic materials, including a more selectdatalysis of methanol to light oleffi3.
This process, called methanol-to-olefins (MTO), ngai more interest from industry as
worldwide demand for polyolefins is growifig Available technologies of these processes
include UOP/Hydro’s MTO process using H-SAPO-34abet and Lurgi’'s MTP (methanol-
to-propylene) process, catalysed by H-ZS¥-5

As the awareness of environmental factors and tlepl®f oil reserves is increasing, an
interest in the exploitation of hydrocarbon souro#tser than oil has grown once again. As a
consequence, industrial interest in MTH has beaewed. Since production of methanol is
well known and can in principle be produced frony @arbon-containing feedstock, MTH
presents a flexible process to produce various dogtbons from whatever feedstock is
available. The increased interest is evident a®eraeVMTO/MTP/MTG plants both of
commercial and demonstrative scales have beenrboéntly or are under constructisif.
Included in this is a demonstration plant to bdtbaoithe US producing gasoline from wood.
This will be based around the Topsge Integratedolias Synthesis (TIGAS) process (a

process combining production of syn-gas and methaitio MTG in one process loof.
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3.2 Reaction mechanisms

3.2.1 Early efforts and the first C-C bond

Investigations into the methanol-to-hydrocarbonactien started immediately after its
discovery and, as the reaction was completely umetepl, much attention was focused on
elucidating the reaction mechanisms. Despite thartef this remains a challenge since the
mechanisms involved appear to be both complex amderous. Chang and Silve&tti
concluded, based on the effects of contact time thedfact that a dimethyl-ether feed
produced the same products, that the reaction paén H-ZSM-5 could be described

reasonably well by the following scheme (Figure)3.2

n/iso-paraffins

- H0 - H,0 higher olefins
2 CH3OH CH3OCH3 — llght olefins —>
+H,0 aromatics
naphtenes

Fig. 3.2: Simplified scheme of the reaction path for the hraabl-to hydrocarbons reaction
adapted from [34].

The scheme implies that methanol is first dehydrate dimethyl ether and water. This
equilibrium mixture is then converted to light otef, which in the last step is converted into
higher hydrocarbon products. Although this scheatkd mechanistic insight, it is still a

useful simplification and helps to keep track af #pecies present in a typical MTH reaction.

Early efforts in mechanistic investigations wenm®sgly focused around the question of how
the first C-C bond was formEd®®. According to a review by Stocker, more than 20
mechanisms have been proposed for forming this BndChief among these were

mechanisms based on carbenes, carbocations, ragieahanisms, and a mechanism
involving oxonium ylide intermediates. However, consensus on how such a bond would

form was reached and focus later shifted towardenmalirect methods of olefin formation.

As none of the mechanisms proposed for direct @@dormation could explain the kinetic

induction period observed in the reaction or wde &bexplain the initial product selectivities
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adequately, the idea that the reaction is autogatavas borf>. Dessau and co-workers
proposed in the 80’s that a direct mechanism mayade during an induction period, but that
a more efficient route through olefin chain grovethd cracking (see figure 3.3) dominates

once initial olefins are formedt 42

AROMATICS + PARAFFINS

Tc‘ T C"  AROMATIZATION

C';.‘ ‘:; C: C; Ce ;;:
Sl RH*] ' Cl-l\\ml | MH*J Th""i | cu\\ml b mETHYLATION
¢t e ’ cs ? Co ’ Ce * ot

¢ L S 1
( G2

Fig. 3.3: Dessau’s scheme of a mechanism based on successiivglation and crackitg'.

CRACKING
Cs

Before this, Mol&® and Langnét"! had also showed independently that Toluene and
cyclohexene, respectively, had a co-catalytic éffat the reaction, thus diminishing the
importance of direct C-C bond formation. Their fimgs and theories were very insightful and

likely contributed greatly to later mechanisticdiats.

3.2.2 Hydrocarbon pool

A major advance in the mechanistic understandingi@thanol conversion came about when
Dahl and Kolboe suggested the concept of a hydoooapool in the 1990’s. Their co-feeding
experiments of labelled methanol with ethene orpene over SAPO-3£*" show that
propene/butene products are not chiefly formed bgthglation of ethene/propene,
discrediting any mechanism based on alkene chaintpr Instead, they suggested that a pool
of adsorbed hydrocarbons was continuously addintdpanel and splitting off hydrocarbons

as shown schematically in figure 3.4:
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C2H4
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nCH,OH Sl ST (CHZ)n
Y Saturated hydrocarbons
Aromatics

Fig 3.4: Kolboe's phenomenological scheme of the hydrocarpool mechanism for MTO

catalysis. Adapted from [35].

Over the years, the hydrocarbon pool mechanisngae®ed general acceptance (see e.g. [1,
23, 35, 48)), and the importance of direct C-C fation is now considered minor. Indeed,
studies by Song et/&@ suggest that this is completely insignificantifg, even occurs, it is

so slow as to be eclipsed by the contribution @netrace impurities in the feed. In addition
to this, calculations by Lesthaeghe ét’akhow that the direct reaction from methanol to

ethene is improbable.

Although the nature of the hydrocarbon pool wasinibially specified, more recent research
has shown that methylbenzenes play a central maleei reaction. Mikkelsen et observed
substantial isotopic scrambling when cofeedif@toluene and®C-methanol over H-ZSM-5,
H-mordenite and H-Beta, indicating the participataf methylbenzenes in olefin formation.
Findings by Arstad and Kolbb& 3 from studying the organic material retained in $AB4
after short reaction periods also strongly sugd@est polymethylbenzenes are the reaction
centres in H-SAPO-34. Song et°dlalso arrived at essentially the same conclusimsgu
NMR spectroscopy. Indeed, when seen together \ithetirlier findings of Mole et &t >
that toluene acts as co-catalyst for methanol csiwe over H-ZSM-5, a strong case can be
made for the role of methylbenzenes as reactiotr&eim a hydrocarbon-pool mechanism. In
addition to this, Sassi etdl have also showed that polymethylbenzenes fed ldvBeta are

active for olefin formation.

Although the conclusion that polymethylbenzenesrageetion centres in hydrocarbon pool
chemistry seems to hold for several different zgesy the exact nature of the active species
seems to vary with catalyst type and reaction ¢amrdi. In addition to polymethylbenzenes,
both polymethylnaphtalenes (although less actiam tholymethylbenzenes in SAPO-32)

%8 and cyclopentenyl speci&s ® have been identified as active hydrocarbon pontres.
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Observations also point to different active polyinyiienzes in H-ZSM-5 compared to H-beta
and H-SAPO-34, with less substituted methylbenzewtise in the former than in the latter
twol®Y. Different active hydrocarbon pool species hawo dleen linked to differences in
product selectivities as methylbenzenes. Those twith to four methyl groups apparently
splits off predominantly ethene, while those wittoren methyl substituents appears to

preferentially split off propene or butdfté
Product formation from polymethylbenzenes is thdugb occur either via a ring-
contraction/expansion or through methylation okancyclic double bond. The first of these,

called the “paring” reaction, was suggested byi@dl et al in 196%? to explain isobutene

formation from hexamethylbenzene and is shown béhofigure 3.5:

CH;OH :@i CH;OH Q( H ﬁ
—_— - -
\

=

+:I
XN
k +

Fig. 3.5: Scheme of the paring reaction indicating formatadnpropene or isobutene from

heptamethylbenzene cation via a ring contracticapset! from [1].

The second mechanism was proposed by Molé*&t®aito account for the cocatalytic effect
of toluene and suggests the formation of an exarybuble bond that is subsequently
methylated before the resulting alkene is split bffvas further refined by Haw el and is
usually referred to as the exocyclic methylatiomct®n (shown below in figure 3.6).
Although the heptamethylbenzenium cation is thetiata point of both mechanisms in
figures 3.5 and 3.6, benzenes with fewer methybstuents presumably take part in similar

reactions.
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Fig. 3.6: Scheme, adapted from [1], of the exocyclic mettytareaction forming ethene or

propene from a heptamethylbenzene cation.

Most studies of olefin formation from polymethyllzemes has been done on the large-pore
zeolite H-Beta as this structure allows the difeeting of these specl8s|t has been found
that hexamethylbenzene is far more reactive fordged formation than the lower
methylbenzenes over this zedfiteé and that the amount of this species retainedhén t
material decreases quickly when methanol feedapp&td and the catalyst is flushed with
inert gad™® It has been known for a long tiffi¢ that hexamethylbenzene can form the
heptamethylbenzenium ion under methylating cond#ioBoth this and its corresponding
base 1,2,3,3,4,5-hexamethyl-6-methylene-1,4-cyclatiene (HMMC) have been observed
in H-Betd®* ® and are assumed to be very reactive. The groupaof et al has produced
several papers on the exocyclic methylation medma@ind adopts this as the most likely (see
e.g. [23, 35, 56, 66]) mechanism. On the other hBjmtgen et &* produced results in 2004
which fit very well with a paring type mechanismeo\H-Beta. They also invoke the large
amounts of isobutene produced as an argument fmnsiderable participation of a paring
type mechanism, as isobutene is not an obviousuptofiom the exocyclic methylation
mechanism. Recently, McCann et®al have modelled a complete catalytic cycle for
formation of isobutene over H-ZSM-5 involving a ipgr type mechanism which contains no
major bottlenecks and is compatible with experiraenbservations. While this undoubtedly

adds credibility to the occurrence of a paring typechanism for isobutene formation,
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whether the same mechanism is responsible for ptmouof other olefins as well is not
certain. It has also been speculated whether tbeyelc route could be favoured by using a

catalyst with a lower acid strendth.

Considering acid strength, it is noteworthy thatudsts of the protonation of
polymethylbenzenes in H-Beta by IR and UVl/isiblpe&roscopy shows that tetra-
methylbenzenes and higher homologues are protondtée tri-methylbenzene is ritt %

On the other hand, recent results from Bleken & @n H-SAPO-34 and H-SSZz-13 (the
isostructural zeolite) indicate that while tetrpenta- and hexa-methylbenzene seems to
decompose over the zeolite, only penta- and hexayibenzene decomposes in the SAPO
(confirming the findings of Arstad et'3t >%). This could hint to the inability of the less @ici

SAPO material to protonate the lower methylbenzenes

3.2.3 Competing mechanisms

Aromatics based hydrocarbon pool mechanisms haveived much attention and this is
confirmed to be an important mechanism for oleimfation in methanol-to-olefin catalysis.
However, it has also been reported during the destade that the methylation/cracking
mechanism proposed by Dessau Et'ahight operate under certain conditions. For instan
Svelle et d* 7@ showed that methylation of ethene, propene andtere by methanol

occurs at elevated alkene pressures over H-ZSMibBthér isotopic labelling studies

performed on this material by Svelle et’*#land Bjergen et &f* ™ suggests that the

formation of ethene over this catalyst is mecha@ly separated from the formation of
higher alkenes. This led to their proposal of aldwya&le concept, where methylbenzene
intermediates are responsible for ethene formatwile alkene methylation and cracking

accounts for formation of higher alkenes. This @mtgs illustrated in figure 3.7.
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Fig. 3.7: The dual cycle concept proposed by Bjargen ’“ to account for the mechanis
separation of ethene and higher alkene pro in methanol onversion over -ZSM-5. Note
that there is a link between the two cycles so thahation of alkanes and aromatics throi

hydride transfers is accounted

Further studies by the same grc®> ® also led to the conclusion tHaoth the aromat and
the alkene cycle opera®ver F-Beta as well. Howevethe aromatic cycle in -Beta is more
efficient sincethe more spacious pores allow larger and moreiveagblymethylbenzenes
form than in H-ZSM-5Some of th differencesn selectivity over these two catalyare thus
accounted for by the pore ss favouring either cycle | or cycle knd other b a difference
in products formedrom cycle Idue to different methylbenzene intermedi. The narrower
channels of H-ZSMs favours the alkene cycland an aromatic cycle ased on lower
polymethylbenzes leing to ethene formation, wh an aromatic cycle based on higl
methylbenzenes causesBéta to produce mostly propene and but. With this knowledge
it should be possible to finemne the selectivity of methanol ccersion by choosing a cataly
with a poresize favouring thewanted intermediate. An example of a catalyst gfio
favouring the alkene cycle whitthe aromatic cycle is hardly active has been pexvidy
Teketel et &l studying the zeolite ZS-22. This zeolite has ordimensional 1-ring
channels that are nawer than those of ZS-5 and producelarge amounts of branched +

alkenes while hardly producing aromatics at abtdpic labelling studies confirm that nea
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all products are formed from an alkene cycle andt tithe small amount of

polymethylbenzenes retained in the material islp@aactive for product formation.

3.2.4 Catalyst deactivation

As in many other hydrocarbon reactions, the foramatof coke along with the desired
products can be a challenge, as this leads toidatah of the catalyst. It should be noted
that when the term coke is used here it does rmgssarily refer to graphitic coke, but also to
smaller aromatic structures capable of blockinditeemicropores. These species can lead to
catalyst deactivation either by poisoning of thévacsites and/or through pore block&de

In principle, coke formation is reversible as tlsatyst can be regenerated by oxidation at
high temperature. Regeneration is, however, ofteomplete either due to leftover coke or
through damage of the catalyst from severe treasnéading to diminished catalyst
activity®> 84 Diminished activity in zeolites after regeneratiis often assumed to be an
effect of dealumination during the high temperatoxedation, leading to a decrease in acid

site densit§?. Similar processes can also be imagined to occ8APO materials.

Deactivation mechanisms in MTH are subjects of muotdrest, as catalysts used are prone to
quite rapid deactivation compared to the metallgsiaused in other processes. Despite this,
deactivation mechanisms are only partly undersasdeparation between aromatics that are
required for product formation and those resporsibt deactivation is difficult. The subject
is further complicated by the fact that deactivatseems to occur for different reasons over
different zeolite topologies.

The deactivation of SAPO-34 is thought to occumethylbenzenes inside the structure are
converted to larger aromatics (as large as pyrdeagling to greatly reduced mass transport
once a significant fraction of the cages are oaifiy the polycyclic aromatic¥. Studies

by Hereijgers et & seem to support the idea of lower diffusivity leayto deactivation, but
also that the polycyclic aromatics are mainly fodnedter deactivation has taken place and
that the diffusion limitations must be caused lghter species. A different example is the
deactivation of H-ZSM-5, for which studies seentémclude that deactivation is not related
to coke formation inside the zeolite channels, isuinore likely an effect of coke on the

external surface on the catal{8t Indeed, in-situ spectroscopy of coke formatiorHbESM-
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5 and H-SAPO-34 during methanol conversion perfarnby Mores et & confirms

significant differences in coke formation over ti® catalysts.

The mechanisms of forming polyaromatic compoundzenlites have also been studied.
Guisnet and Magnolf¥' suggest that condensation and rearrangement atepsossible at
low temperatures, but lead to non-polyaromatic iggewith compositions dependent on the
reactants. At higher temperatures, multiple hydrdensfer steps also occur, leading to
polyaromatic species with compositions practicafigependent of the reactant species. A
relation between the ability to perform hydrogeansfers and deactivation has also been
suggested by Yuen et’dl, together with a hypothesis that for this to o¢stimonger acid sites
are needed than for other reactions in methanofersion. Another notable contribution in
the understanding of coke formation is the findiby Bjorgen et &° that the
hetpamethylbenzenium-ion seems to rapidly form diibytrimethyl-naphtalene, which again
can be methylated to hexamethylnaphtalene. It eaervisaged that coke may be formed
from naphthalenes and since there is a tendenéyrito heptamethyl-benzenium ion in any
acidic zeolite with sufficiently large pores undeethylating conditions, this could be an
important mechanism in other catalysts as welliffpr®posed scheme for formation of coke-
precursors in H-Beta is shown in figure 3.8:

Aliphatic products and lower methylbenzene homologues

Alkenes, alkanes and Paring Paring
various methylbenzenes Reactlon Reactlon

HexaMB PentaMB

H-Zeolite f H-Zeolite
Methanol
(+ arene) > :@i
Zeolite 7Zeolite

Hydrogen transfers,
Formation of saturated _4H
"Coke" hydrocarbons from the

\ primary alkenes
\ H-Zeolite
L s G
Methylations and / X

\//_\/

Aliphatic products, hydrogen transfers. Zeolite™
methylbenzenes and lower Formation of saturated

naphtalene homologues that hydrocarbons from the

may again be methylated primary alkenes

Fig. 3.8: Proposed scheme for formation of coke precursanm fhexamethylbenzene in H-
Beta adapted from [58]. Note the numerous hydragensfers that must occur for coke to

form.
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An interesting article by Janss&fshas recently been published, proposing that destitin,

by whatever method or reason, can be modelledsase loss of an active site. If this line
of thinking is taken a bit further, it is possiliteimagine the catalyst simply as a number of
active sites which over time become inactive, legdio lower conversion capacity in the
catalyst bed as a whole. A catalyst bed which teak Half its sites deactivated should thus

perform similarly to a fresh catalyst bed made Vkidif as many active to begin with.
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4 SAPO-5 and the AFI structure

4.1 Introduction

AIPO,-5 was discovered in 1982 along with the first dhwphosphates by Wilson et*8l
working at the Union Carbide labs. Its structureartiework type AFI) was solved soon
aftef®™®. The same structure was also among the first egigtld silicoaluminophosphates
(SAPOs) in 1984, and was then named SAP®-®. Later, it has been shown that many
metals can be incorporated into the AlP®Dand SAPO-5 structure, creating MeAPO and
MeAPSO materials respectivél{l. In addition, an isostructural zeolite called SBZhas
also been synthesised, initially only in pure sitios form by van Nordstrand et®3] but

later also with aluminium incorporated.

As the possibilities for varying composition, amdig tailor its properties, is large for the AFI
topology, such materials have been studied extelysiover the years. The perceived
potential of the materials was originally limited adsorptive, catalytic and ion-exchange
applications, but more exotic uses like nonlineptias®” and containers for single walled

carbon nanotub®8 have also been explored.

SAPO-5 provides an interesting model system forhamel conversion because its open
structure provides ample opportunity to co-feeddareagents in a similar manner to what
has been done with H-Beta. As silicoaluminophoggghgenerally possess lower acid strength

g 8999 it is not certain whether reaction mechanisms ove

than high-silica aluminosilicat&
these two types of catalysts are identical. Theleggtructure of SAPO-5, with only one type
of pore and one type of T-atom should make the mahtevell suited as a model system.
When comparing results directly with the most comn®APO catalyst, H-SAPO-34, it
should be noted both that the larger space availabSAPO-5Y, and the somewnhat lower
acid strength than H-SAPO%4 could mean that mechanistic differences in product

formation exist in the two materials.
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4.2 Structure

As suggested by the name SA-5, T-atoms of the materiare aluminium, phosphorous a
silicon. Each Si atonm the lattice that is bonded to Al through an ostydoridge gives a
Brgnsted acidic sit¢vide supra. The framework of SAPG-and isostructural materi. is

made up of columns of twisted f- and six-rings, together forming a o-dimensional
twelve ring parallelto the «axis®® The three-letter codgiven to the topoloc by the
International Zeolite Associatio(IZA) is AFI, and it can beconstructe from either of the
secondary building unitg, 6 or 12 Alternatively it can beviewed as a composition of f

composite building unitafi, bog and thensc (narsarsukite) chalf, shown in figure 4.:

afi Bog nsc chain

Fig. 4.1: The composite building units of SAI5

Furthermore, the unit cell can be classified bygpace group P6/mcc which has a hexag
unit cell with the dimensions a = 13.827 A and 8.580 28, giving a unit cell volume o
1420.64 A. The twelve ring channels of thructure are nearly circular with a diameter of
A.®® Figure 4.2shows the structure and channeltem in more detail.

Fig. 4.2: The AFI topology seen along theaxis (left) and @xis (right). The twelve rin

channels have been drawn wblue insides and grey outsides.
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4.3 Synthesis

The synthesis of AIP£5 and SAPO-5 can be executed using many differentlitions and

is not particularly template specific. Already inhetfirst AIPQ-5 reports Wilson et gf!
reported the ability to synthesise the materialhw3 different amine and quaternary
ammonium compounds as SDAs. Later, Wil8dmas stated that more than 85 different SDAs
can be used to form AFI frameworks. Likewise, nupnerdifferent templates and conditions
have been used to synthesise SAPO-5 as well. Btarice, Weyda and LecH&fcompared
crystallisation kinetics using six different SDAs iaddition to varying several other
parameters. The most commonly used templates fihaeges of SAPO-5 appear to be tri-n-

propylamine (TPA) and triethylamine (TEA).

Morphologies of reported SAPO-5 and AIR® materials vary, most commonly between
aggregated sphere, hexagonal rod or hexagonal, glefeending on synthesis conditions.
Large aggregated spheres are reported among dth&veyda and Lechét using TPA, by
Campelo et &* and as the product of the verified method of Yoang Davi§® using a
cyclohexylamine template. Hexagonal rod morpholegarying greatly in size from the huge
crystals (averaging 220 x 50pm) obtained by Denetithl®® to the smaller rods (~1 x 3pm)
obtained by Qinhua et B are reported using triethylamine as SDA. Hexagoual
somewhat rounded hexagonal) plate-like crystalsehlagen reported by several groups
including Wang et &, using diethylamine and high temperatures, and@iret d7"! using
triethylamine.

Two studies on morphology control worth mentiontraye been published by Tian ef%l
and by Jhung et &%. The former showed that an added surfactant irsyin¢hesis mixture
could hinder growth in the c-direction of metal-stituted AIPO-5, while the latter
systematically varied the conditions of SAPO-5 kegsis under microwave irradiation. The

trends found by Jhung ef'8! are summarised in figure 4.3.
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Aggregated
spherical crystal

T Normalcondition

pH<6
Aggregated Extra silica, high conc. High conc. of HF
: (Al-O-P), gel 2 Aggregated
spherical crystal of template (pH=10), ! water and template spherical crystal
low temperature

(pH=3-5)
Dissolution

High conc. of template and
High conc. of template, water, Extra acids (pH=3-4)

Extra acids (pH=5-6)

Aggregated small hexagonal Prism or barrel-like
prism-like crystal crystal

Fig. 4.3: Morphology changes as a function of varying pattense Adapted from [100].

In the same and other studies of synthesis parasn@temicrowave synthesis of SAPO-5 by
Jhung and Yoon et %% it is also reported that there is a competitivengh of the AFI
and CHA frameworks. Which phase dominates is detenmainly by the pH and silicon
content in the synthesis mixture, and whether mierge or conventional heating is applied.
The competition between AFI and CHA frameworks ak® been reported by many before
them (see e.g. [105-108]). Vistad ef%] also showed that the heating rate was of critical
importance when synthesising SAPO-34 in the preseidiF using morpholine as SDA.
Their research showed that if the synthesis mixiwas heated too rapidly a key prephase for
SAPO-34 would not form, resulting in formation oABO-5 instead. This is consistent with
the results of Jhung et™8f that SAPO-5 would form almost exclusively whenstajlised
under microwave irradiation, while SAPO-34 wouldrdpnate under hydrothermal conditions
using both TEA and N,N,N’,N’-tetraethylenediaminEBEEDA). While the heating rate is
undoubtedly important, that other factors such ldsapd temperature play a part is evident
from the fact that Qinhua etl reports successful synthesis of pure SAPO-5 hidrotally
from a mixture very similar to that reported by dtet a*°? to produce exclusively SAPO-
34.

Summing up the different synthesis studies it sedms TPA produces mostly SAPO-5,
while many other amines and ammonium ions (espgcl&A) can produce both SAPO-5
and SAPO-34. In these cases rapid heating, loaosilcontent in the synthesis mixture and
low pH seems to favour the crystallisation of thel Ahase. In addition, it seems as if SAPO-

5 can be converted into SAPO-34 if the crystaliisats allowed to continue for long enough,
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indicating that SAPO-34 is more stable under thathlmsis conditions. Most reported
synthesis methods produce large crystals, whickddead to diffusion limitations in catalytic

applications, so producing small crystals may pasehallenge. Plate-like shapes are
interesting because even if the crystals remaigelathe effective length of the pores will
decrease the thinner the plates are. The directobribe pores in hexagonal crystals are

evident from the hexagonal unit cell of the AFinfrawork.

4.4 Catalysis

Catalytic measurements for the cracking of n-but3heumene and isomerisation of o-
xylend®”! show that while AIP@5 is more or less inactive, H-SAPO-5 shows reasiena

activity. H-SAPO-5 has also been tested for methannversion by a few research groups
and shown to be active. The most noteworthy ofdta@e summarized below.

Yang et dl’ tested and compared H-SAPO-5, -11 and -34 withdpace velocity (Weight
Hourly Space Velocity, WHSV, refers to the amouhteactant fed per gram of catalyst, per
hour) of methanol at different temperatures. Theynfl that H-SAPO-5 showed higher
selectivity towards C7+ hydrocarbons than the atlaed that the predominant low olefin was
butene, while H-SAPO-11 and -34 were more selectwward ethene and propene.
Increasing contact time increased the selectiatyard both light olefins and aromatics, but
the selectivity towards olefins was inversely pndjomal to the partial pressure of methanol
while the selectivity towards aromatics was projpoi! to it. In addition, the selectivity to
aromatics reached a maximum at temperatures bet@@@rand 350°C, with light olefin

selectivity increasing at higher temperature.

Yuen et di”! also compared selectivity in methanol conversivardhe AFI framework to
that over CHA, using many different material classacluding zeolites, borosilicates,
MAPOs and SAPOs. They found that the AFI materf@isduced substantial amounts of
aromatics, mostly penta- and hexa-methylbenzengsthier with smaller amounts of other
methylated benzenes and even smaller amounts bthedpnes. Aromatics are not present in
the products of methanol conversion over the CHpology. However, they found little

difference in selectivity among the AFI materialge if the acidity was shown to differ.
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Campelo et al® study of deactivation during methanol conversiofi several
silicoaluminophosphates showed that both H-SAP® -84 was initially more active, but
deactivated faster than H-SAPO-11, 31 and 41 at@0® should, however, be noted that the
acid site densities of the five materials were th@ same. The reported initial selectivities
showed that H-SAPO-5 was more selective towardr@dGb+ hydrocarbons than the others.
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Part I: Synthesis
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5 Background for characterization methods

5.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) can be usedudysthe microstructure of materials,
including the size and shape of crystals. The basiciple of SEM is that a narrow beam of
electrons is scanned in a raster pattern over plsamvhile the yield of backscattered and/or
secondary electrons is detectEd. These signals are then used to create a “pichfréhie
sample. The backscattered electrons are high eredegjrons and detection of these yields
information about the sample composition, as healemnents are more efficient scatterers
and will thus appear brighter in the created im&geondary electrons, on the other hand, are
lower in energy and originate from the surfacehaf sample. Detection of these provides an
analysis on the local curvature of the surfacehesdetector receives a greater amount of
secondary electrons from protruding features ofdraple than from recessed regins.

The electron beam in SEM is produced from ~——— SOURCE

filament through which a voltage, called the e AR

-«— CONDENSER LENS

B2z

acceleration voltage, is applied to eject the
electrons. The beam is then focused to a small s

by a series of lenses before reaching the sample s - APERTURE
—-«— CONDENSER LENS

shown in figure 5.1. Vacuum conditions are

, . : (I Tm STIGMATOR AND
required in the microscope both to ensure th 'A\l||= DEFLECTION COILS

stability of the electron source and to avoic
-=+— FINAL LENS

DETECTOR -+— FINAL APERTURE

scattering of the electron beam, but in som
SIGNAL %/

-——— SAMPLE

instruments the possibility of introducing small STAGE

amounts of gas is available. This feature can bgg 51. schematic representation of a
useful to avoid build-up of charge on the surfate o0scanning electron microscope, showing the

non-conducting samplés?) path of the electron beaf?
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5.1.1 Energy dispersive X-ray spectroscopy (EDS)

In addition to backscattered and secondary elestrioeractions of materials with electron
also induce emission of x-rays. When an electrorthan core shell of an atom has been
ejected, the energy of the atom can decay by atrefetransition from a higher orbital into
the now vacant state. Such transitions are accoeghady the emission of x-rays with a
wavelength characteristic of the emitting elenf&fit.1** with an EDS detector, which is
often part of a SEM instrument, these x-rays cae @i quantitative analysis of the chemical

composition of studied samples.

5.2 X-ray diffraction (XRD)

Crystalline materials consist of an ordered latb€atoms that can be represented as parallel
planes of atoms separated by a distance d. In xiffnaction (XRD), x-ray photons are
elastically scattered by the atomic layers to gifermation on the crystal structure of the
material studied. When a monochromatic ray of ph®tbits a crystal plane it will be
reflected with an angl®. The reflections from different planes will be phase if the
difference of photon path length is an integer nembf wavelengths. In this case,
constructive interference of the photons will leada strong signal in the detector while a
difference in path length of a fractional numbervedvelengths will lead to destructive
interference. A simple schematic of two photongirgt two atomic layers of a crystal is
shown in figure 5.2.

If either the sample or the detector is moved duradiation,

the angles at which constructively interfering ygdeave

the sample can be measured. The Bragg’s relatipnshi /
nA =2dsinf 7
8 ( dsin® \j‘/

can then be used to calculate the spacing of #reep| which Fig. 5.2: Schematic representation
are characteristic of a crystal structt®. X-ray diffraction ©f photons reflected from atomic

. . lanes. Adapted frof.
can be applied both to single crystals and powaepdes. pranes. Adapledro
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As zeolites rarely form large enough crystals fagke crystal diffraction, powder diffraction
is most often used. The positions and intensities powder diffractogram can be compared
to reference diffractograms to determine what p{gsare present in the sample. Relative
peak widths give information on the types of atgmnesent and their positions, while for
crystals below ~100nm the peak width will be intiiea of the crystallite siZz8%. The
background of the powder pattern will also indicateether or not amorphous material is
present in the sample as long as fluorescencemrgample preparation can be negléedted

It is also possible to obtain unit cell parametieosn good quality diffraction patterns. No
matter what information is sought, care should desh when crystallites of a morphology
that favours a certain orientation is analysedhascould cause significant changes in peak

intensities.

5.2.1 In-situ XRD of crystallisation

In-situ XRD during crystallisation can be performég
using a capillary to hold the synthesis mixturesigad of an gggg“g
autoclave). The capillary is then placed in theax-beam

and heated with a hot-air blower to crystallise saenple.

Diffractograms are collected consecutively durinige t

B

crystallisation time. To ensure hydrothermal candg and

prevent the synthesis mixture from leaving the lapi a o B
ressur

pressure of inert gas, higher than the vapour presef applied

water at the crystallisation temperature, is appbato the Fig. 5.3: Schematic of a micro-

capillary. The method is described by NdH¥ and a reactor used for in-situ studies of
zeolite crystallisation. Adapted

schematic of the capillary micro-reactor is provdadee figure
from Norby**%.

5.3.
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6 Experimental

6.1 Synthesis of SAPO-5

Syntheses were in all conventional experimentsopegd in stainless steel autoclaves with
Teflon liners. The Teflon liners were washed witbwi-% hydrofluoric acid (HF) and
distilled water before before each experiment. Bgsis mixtures both with tri-n-propylamine

(TPA) and triethylamine (TEA) were prepared in tbkowing manner:

1. Distilled water and orthophosphoric acid were mixed

2. Alumina (Catapal B) was added and the mixture viasd for a few minutes, usually
turning the mixture into a very viscous gel.

3. To this, both silica (Cab-O-Sil unless otherwisentraned, but Ludox AS-40 in some
cases) and template were added, before the miwtasevigorously stirred or shaken
until it appeared homogeneous. Upon mixing, thetsm would produce significant

amounts of heat and the viscosity would decreasatigr

For syntheses performed in 40 ml or 150 ml linensxtures would usually be prepared

directly in the liner to avoid losses during trarsfWhen other liners were used, reagents
were mixed in a plastic vessel and later transfetoethe liner. Autoclaves were then closed
and placed in a preheated oven. Liners were masn dfe filled to between 60 and 80 % of

maximum volume, except for microwave autoclavescWwhivere never filled above 50 %.

Autoclaves were removed from the oven after aiset aind quench-cooled by immersing in
ice water. Recovery of product was accomplishedcbwtrifuging the contents of the
autoclave with copious amounts of distilled watefdpe decanting. Standard procedure was
four rounds of centrifugation (3000 rpm) for 15 mmi@s each. After the last centrifugation,

the samples were dried at 80.
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6.1.1 Methods of heating

Several different ovens and heating methods weee us this work, and a description of

these is given below:

Static heating was performed in Termaks TS8000esenvens and stainless steel
autoclaves with 50ml liners were used as crystdlbs vessels.

Two different tumbling ovens were used. These warstom-made with a motor-
controlled axis, around which the autoclaves coatdte. The difference between the
two ovens was that the “old” tumbling oven was ¢anged around an older model
Termaks oven which was slow to heat and had pawopéeature control. It was
observed to fluctuate with more than @ during a synthesis and would use up to an
hour to regain crystallisation temperature agataradpening to insert the autoclaves.
The “modern” tumbling oven was built around a Teksxd@ S8000 series oven with
much better temperature control and the abilityetach crystallisation temperature in
less than 10 minutes after insertion of autoclairesddition, the “old tumbler” used
40 ml liner autoclaves, while syntheses in the “niennbler” were performed in
autoclaves using 50 ml liners. In both ovens, dohe€oated magnet was included to
ensure thorough mixing of reactants during tumblibgtil chapter 7.2.4, only the
“old” tumbling oven was used.

The magnetic stirring oven used was a custom-maaendks TS8000 series oven.
This was built with magnetic stirrers under theoaldves, so that Teflon coated
magnets in the synthesis mixtures could providedtasing. Stainless steel autoclaves
with 40ml liners were used with this oven.

Mirowave syntheses were performed in a MilestonerdB8YNTH labstation (max.
power: 1000 W) using plastic autoclaves with 80limérs. Teflon coated magnets

were used for stirring.
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6.2 SEM

Scanning electron microscopy (SEM) was performeddetermine particle sizes and
morphologies of synthesised samples. This was peéd on a FEI Quanta 200 FEG-ESEM.
The microscope was equipped with both an Everhaaoriley secondary electron detector
and a detector for backscattered electrons in iaddib the possibility of performing energy
dispersive x-ray spectroscopy (EDS). Microscopy wesially performed at working

distances of around 10 mm with acceleration vokagetween 5-10 kV. High vacuum

conditions were used for all samples.

6.3 XRD

All XRD performed in this thesis was done on poveddrhe method was used to determine
the phase identification and purity of the synthedisamples and was in addition shown to
give some insight into the morphology of the crigstdhe instrument used was a Siemens D-
500 with primary Ge monochromator and Bragg-Breomtgeometry. The radiation used was
CuKo with a wavelength = 1.5406 A.

Samples were prepared by mixing the powder witarathor water before dispersing it on a
glass plate and allowing the liquid to evaporatee @iffractograms were collected in the area

20 = 3-6C using a count time of 0.5 minutes and step siZ2@I5.

6.4 In-situ XRD

In-situ crystallisation studies were performed insianilar diffractometer as above, with
capillary set-up. The synthesis mixture was intastlinto a 1 mm quartz capillary, and the
goniometer holding it was modified with Swagelodgttirigs to allow the introduction of a
pressurised Ngas to ensure hydrothermal conditions in the tzapil Pressure used was > 15
bar and the capillary was heated with a hot aiwklo The count time was 0.2 seconds, giving
a time from the start of one analysis to the sidthe next of approximately 13 minutes. To
simulate the slow heating of an autoclave, the lieapi was heated linearly to the

crystallisation temperature during a period of ~80m
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7 Results and discussion

7.1 Synthesis of SAPO-5 using tri-n-propylamine (TPA) as template

7.1.1 Synthesis under static conditions

Synthesis mixtures based on example 13 in the naiiggilicoaluminophosphate patéfit
were prepared and crystallised at 2UD under static conditions using tri-n-propylamine
(TPA) as SDA and Cab-O-Sil silica source. The amairorthophosphoric acid relative to
the other reactants was varied to see the effettti®fparameter. The relative molar amounts

used are given in table 7.1, below.

Table 7.1: Synthesis conditions and composition of mixturgdlative molar amounts. Note

that the composition is given as the oxides ofbssible T-atoms.

H20 Al 203 P205 S|02 TPA Time Temp.

50 1.0 06-1.0 0.4 2.1 24 hours 200°C

Representative SEM micrographs and diffractogramthe products from three syntheses
with differing phosphorous content are shown inufegs 7.1 and 7.2 respectively. The
diffractograms are compared to a standard diffoacpattern of an AFI material and it is
evident that this phase has been obtained in atheges. The background of the diffraction
patterns suggests the presence of amorphous nateaiddition to the crystalline AFI phase.
This background is less prominent for the samplataining the highest amount of

phosphorous.

SEM confirms the similarity of the samples as thgstals of all three consist of slightly
deformed hexagonal “barrels” of varying sizes, wathmean size of approximately 10 pum.
Material of less pronounced shape and size, assuanemphous, is also present in all
samples. In the sample with P/Al = 1, small amowftsitergrown needle shaped material is
also observed. EDS of all samples confirm thatdtystals in all samples contain silicon in
similar amounts. The presumed amorphous materiasists primarily of Al and O, with
some Si and P. The amount of phosphorous relativa@uminium increases with the P/Al

ratio in the synthesis mixture.

39



Fig. 7.1: SEM micrograp showing the effecvarying the P/Al ratidn the synthesis mixturt
Note the needléke shapes in the middle of the rightmost imag&(R1).
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Fig. 7.2: Diffractograms for samplesynthesised with differénP/Al ratio compared to
standard diffraction pattern from 128! All peaks present in the reference are presentli

three sample diffractogranand no extra peaks are present.

Reproduction of the sample with legphosphorous (P/Al .6) was performed a few tim
and an attempt at scalg was performed in 150 ml autoclave (mixture with P/Al = 1). |
addition, ageinghe mixturesbetween 1 hour and 3 days before heatuag attempte on a
series of syntheses containing equal amounts ofiFA& In all cases except one, AFI was
only phase present in XRD, but SEM micrographs akac the products of some synthese:
consist ofmore rounded crystathan those shown above. The morphology of these dsy
were similar those shown in the next section (fi4), but no systematic reason for wt
rounded or hexagonal crystals were produced coeldobnd. It the onesample where a

crystalline impurity was @sen, this was identified as a tridymite phase.
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7.1.2 Crystallisation under tumbling conditions

As stirring during crystallisation has been founddecrease crystal size in other zedfitds
attempts were made to synthesise SAPO-5 using alingnoven. Keeping in mind the
observation of Jhung et™8! that high concentration of SDA leads to plate likgstals in
microwave synthesis, variation of the amount of TifeRtive to the other compounds in the
synthesis mixture was also performed. Synthesigditions and contents of synthesis mixture

for the series with varying template amount aregiin table 7.2.

Table 7.2:Synthesis conditions and composition of mixtureeiative molar amounts.

H20 A|203 P205 S|02 TPA Time Temp.
50 1.0 1.0 0.4 21-39 24 hours 200°C
! | ! | ! | ! | ! | ! |
i TPA=2.1 ]
i " (MWEZ15) |
s | TPA=2.7 ]
@ i ﬂ n (MWEZ16) |
_B\ = -
S | TPA=3.3 .
E, | (MWE17) i
- | J_A_A_JLUMW_AA_ _
i TPA=3.9 .
R (MWE18) 1
L MULMLLMM. _
! | ! | ! | ! | ! | ! |
0 10 20 30 40 50 60
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Fig. 7.3: Diffraction patterns of the synthesis series widltying concentration of TPA. All

patterns indicate AFI as the only phase presentraadsities are similar.

X-ray diffraction of all samples show pure AFI pbhasee figure 7.3) with no observable
difference induced by the varying amount of TPA péate. SEM micrographs (shown in
figure 7.4) of the samples reveal roundish crystélarying size but with the majority of the
crystals having a diameter of around 10 pm. Orages of the seemingly amorphous material

observed after static crystallisation is visibleewhtumbling conditions are employed. EDS
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indicates that theilicon contet of the small amountsf amorphous materi present was
much higher than ithe crystals No apparent differences between the samples céoube,
neither in the morphologyon phase purit'

IPA/AL= 3.9

= (MWE18)

Fig. 7.4: SEM of samples synthesised with different amouhtemplate. Morphology or siz

does not appear to change much with

Weyda and Lechd?f! have reported that fully crystalline SA-5 can be obtained after or
3-4 hours of crystallisation under similar conditioas those eployed here. In additior
Ganschow et & report that the morphology of Alf,-5 crystals syrthesised with
triethylamine and microwave heati changes as theynthesis time is increased. In

attempt to produce SAPB-of different (plat-like) morphology, the effect of decreasi
crystallisation time was investigated. In additianparallel sdes of differing crystallisatiol
times at a lower temperature (180 °C) was perfornidee range of conditions studied
displayed in table 7.3.
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Table 7.3:Synthesis conditions and composition of mixtureeiative molar amounts.

H20 Al 203 P205 S|02 TPA Time Temp.
50 1.0 1.0 0.4 3.9 4 - 24 hours 180 or 200°C
[ T T T T T T T T T T T T T T T ]
i 24h i
n (MWEL9) 24h i
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| 16h .
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Fig. 7.5: Effect of changing crystallisation time at £80(left series) and 20C (right series).
No change in crystallinity or phase purity can beserved by XRD upon either changing

temperature or crystallisation time.

The diffraction patterns at all crystallisation &mand both temperatures, shown in figure 7.5,
reveal no differences between the samples. Thugstconfirmed that no more than 4 hours
of crystallisation time is required to achieve yudrystalline AFI phase at these conditions.
SEM reveals the presence of somewhat more platechystals in the samples crystallised at
18C°C, as shown in figure 7.6. However, the morpholagy size is varied in all samples at
this temperature, and the majority of the cryséaésroundish. Samples crystallised at 200 °C

are indistinguishable from previous samples sudh@se shown in figure 7.4.
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Fig. 7.6: SEM micrographs of samples crystallised °C. These two samples hi been
crystallised for 24 hours and with different amauot water, but they are still representative

all samples crystallised at 180

Attempts to obtain different morphology or sizeaoystals by varying the amount of sili
relative to alumina irthe range of Si/Al = 0.0~ 0.5 in the synthesis mixture were a
performed.Both Demuth et % and Jhung et &f* report that the amount of silica in t
synthesis mixture influences the crystal morpholdn spite of thisno change in the produ
compared to the previous samples was obs even when also varying ttcrystallisation
time and temperatur&or the sake of brevity, XRD patterns are not shoere and only th
range of conditions studied are given in table Fdr a more complete overview of t

conditions and resultshe reader is referred to apper A.

Table 7.4:Compositionof synthesis mixture in relative molar amouint@ddition to the rang
of conditions employed.

Hzo Al 203 P205 SIOz TPA Time Temp.

50 1.0 1.C 0.2-1.0 3.9 424 hour: 180 or 200C

Similarly to this, a variation (water content (from 30 to 10eelative to Al) in the synthes
mixture did not appear to cause any changes ipribduct It is again referred to appencA

for specifications on synthesis mixture composgiand conitions.

7.1.3 Summary of TPA synthesis

All synthesegperformed with TPA as templ: (except oneyielded a pur AFI phase product

of good crystallinity Where SEM has been perforn, EDS confirms the presence of silic
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in the crystals, indicating that the products am@eed SAPO-5 crystals. The relative amount
of silicon in the crystals has not been studied, the presence of silicon-rich seemingly

amorphous material suggests lower relative Si cdnte the crystals than in the synthesis
mixtures. It has been previously reported thatatm@unt of incorporated silicon in SAPO-5 is

limited (see e.g. [116]).

It can be established from these results that T¥very selective towards producing the AFI
framework under the conditions employed in this kvdrhis is likely the reason why Lok et

(20]

al*, in the original publications on silicoaluminoppbsates, reported this amine as the

typical template for producing SAPO-5.

Morphology of the crystals appears to vary betwsgrerical and hexagonal shapes, but what
conditions produce which morphologies is not obsidtom the studies. It is possible that
lower temperature produces more plate-like crystaisl that hexagonal crystals can only be
obtained by static heating. However, as reprodostido not always produce the same
morphology, these observations may also be cointafle Either way, little success in
morphology control has been achieved using TPAeasplate during this work. Some
amorphous material is present in all samples, liiamount appears to decrease when using

tumbling conditions.

7.2 Synthesis of SAPO-5 using triethylamine (TEA) as template

As Jhung et &% has demonstrated a large degree of morphologyatomith the use of

TEA template and microwave irradiation, attemptiogfollow in their footsteps appeared
like a reasonable way to obtain either smallerlateplike crystals. Unfortunately, the lack of
microwave facilities at the time excluded this fregmethod. Although Jhung et'8f *°4
claim that only SAPO-34 is formed under hydrothdromnditions, both Qinhua et'¥l and
Weyda and Lechéff! report pure SAPO-5 using this template and hyerotial heating.

Syntheses described in chapters 7.2.1 - 7.2.3llaygystallised in the “old” tumbling oven.
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7.2.1 Variation of crystallisation time

Synthesis mixtures with reactant molar ratios asirmd in table 7.5 were prepared and
crystallised at 180 °C. Initial findings revealdtht only CHA was formed after 24 hours of
crystallisation time. For this reason, syntheseshwghorter crystallisation times were
attempted.

Table 7.5: Synthesis mixture compositions used in study oftaflisation time with TEA

template. Temperature and range of crystallisdtrnas employed are also indicated.

H>,O Al -03 P.Os SIOZ TEA Time Temp
50 1.0 1.0 0.4 3.9 4 -24 hours 180°C
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Fig. 7.7: Diffraction patterns of samples crystallised fohaurs. Mixture compositions are

given in table 7.5. Reference diffractograms of ARtl CHA are included for comparison.

As figure 7.7 shows, a decrease in crystallisatiioe clearly yielded more of the AFI phase.
When crystallised for 4 hours, no reflections iadilce of the CHA phase were visible. Thus,
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it may be possible to form highly crystalline AHigse if the crystallisation time is increased

slightly above 4 h.

7.2.2 Variation of silica content

In the same manner as with TPA syntheses, silingeab in the synthesis mixtures was varied
over a relatively large range. A comparison of thé sample shown in figure 7.7 and a
sample of higher silica content is shown in figut&. While both samples are mostly

amorphous, there is a clear indication that theasdontent determines which phase is formed
initially. The exact synthesis conditions of thetsamples are given in table 7.6.

Table 7.6: Synthesis mixture composition in relative molar amis of oxides and the time and

temperature of crystallisation.

Hzo Al 203 P205 SIOz TEA Time Temp
50 1.0 1.0 0.40r1.0 3.9 4 hours 180°C
T T T T T T T T T T T T
- Si/Al = 0.2
B (MWE3s) |
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Fig. 7.8: Diffraction pattern of samples crystallised witigth Si content (no. 2 from bottom)

and intermediate Si content (top) compared withrétierence AFI and CHA patterns.

When increasing the crystallisation time slightty 4.5 h, the crystallinity of the samples

improves significantly. A series of syntheses migtucontaining different amounts of silica
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(composition shown in table 7.7) were preparedir&ition patterns of the products after 4.5

hours of crystallisation are displayed in figur8.7.

Table 7.7:Composition, in relative molar amounts of oxiday] aynthesis conditions.

Hzo Al 203 P205 SIOZ TEA Time Temp
50 1.0 1.0 0-1.0 3.9 4.5 hours 180°C
N ! | ! | ! | ! | ! | ! ]
s M CHA J
-_ | J ﬂ A N [ _-
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Fig. 7.9: Diffractograms revealing the effect of varying tiecontent at 18.

Figure 7.9 clearly shows that when the silica conie decreased, the formation of the CHA
phase is repressed in favour of the AFI phase. aranteresting observation is that in the
AFI phase, the intensity of the peak af 21 more intense than the two peaks surrounding it
(at 19.7 and 22.3). This differs both from the reference diffractagr and the samples
synthesised with TPA. According to the “CollectiohSimulated XRD Powder patterns for
Zeolites™ ), this peak is a result of reflections from the @&ne, and the intensity of this
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peak has been attributed to the aspect ratio ofoky&tal: by several grouf®® ! A high
intensity of this peak usually indicates a f-like morphology of the crysta The effect
itself is most likelycaused by preferential orientation effect of treample, as relativ

intensities vary significantlwith sample preparation meth

SEM of the nearly pure AFI samp reveal crystals of hexagonal pldilee morphology with
dimensions of around 10 xum. Some smaller hexagonal crystals are also preseatdition
to small amounts afmall cubic CHA crystals and some shapeless, prasiyramorphou:
matter.EDS confirms that the crystals contain silicon, th relative amount is higher in t
CHA than the AFI crystals. While t exact crystal sizes vary between samples,
micrograpls shown in figure 7.10 are representative of mashes synthesised at tl

temperature and similar conditi, when the product is predominantly of the AFI @&

Fig. 7.11: SEM micrographs of samples with Si/Al = 0.05 (leftd middle) showing ple-like

morphology. With careful study, is possible to spot a few small cubic crystals.

One exception to this is the sample prepared withoy addition of silica, for which SE
(figure 7.11)reveals crystals of much less defined shape anelyiwhrying crystal size:

XRD (figure 7.9) also revealed a higher amorphaaskgrounc Al LT L SR

(MWES50)

in this sample than those of low Si content. Thansegly

with TEA often exhibit shinglelike growth patterns

: [103] )
partially blocked channel systems. Jhung also observed Fig. 7.10: AFl crystals

similar, inhomogeneous, morphologies during mMICN®  prepared without added
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syntheses when crystallisation time was short, rbpbrt more homogeneous and defined
crystals with longer crystallisation. If this isetiease in the hydrothermally crystallised sample
as well, it could hint to a faster crystallisatihen silica is present. While the reason for this
IS uncertain, it is possible that a more heterogasesynthesis mixture provides more
favourable conditions for nucleation. No furtheudies of crystallisation without added Si

were performed in this thesis.

In summary it is evident that at the conditions yed here, the silica content in the
synthesis mixtures is a deciding factor of whicltagd is obtained. A low amount of silica
results in formation of the AFI rather than the CHidase and at low crystallisation time (4.5
hours), pure SAPO-5 can be obtained. The yieldhisfis very low, however, with less than

500 mg calcined crystals produced from close to4 rgactant oxides.

Curiously, a sample crystallised from a synthesistune with very high content of silica
(Si/Al = 1) under the same conditions as aboveh(4t5180C), yielded a crystalline product
seemingly containing more AFI than CHA phase. Whiés may be due to random
experimental errors, a similar result at highergerature (vide infra) decreases the likelihood
of this. This could suggest that an upper limiSotontent where CHA is no longer the most
stable phase exists. EDS of the latter sample ial$icate that the Si content of the latter
sample’s crystals is not particularly high, beggthg question of where the silica ends up.
Too much speculation on this topic is not warrargedew experiments were performed with

this much silica, and not all the results agree (st of syntheses in appendix A).

7.2.3 Variation of temperature

In order to determine whether crystallisation terapge would affect the synthesis products,
several synthesis mixture compositions were criystal at varying temperatures (180 °C -
220 °C). Assuming that stopping the synthesis as s@ possible after crystals were formed
was beneficial for obtaining AFI phase, the crys&ation time was in most cases lowered as

the temperature was increased.

Diffractograms of products obtained from identidagh-silica, mixtures at 18C, 200C and

220°C are shown in figure 7.12. The samples were diiggd for 4.5, 4 and 3.5 hours
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respectively, and the composition of the synthasidure is given in table 7.8. While high-
silica mixtures such as this was previously showtead to product exclusively of the CHA
phase at 180 °C, an increase in temperature elydgetds more of the AFI phase. At 220
°C, AFl is the dominant phase.

Table 7.8:Composition, in relative molar amounts of oxiday] aynthesis conditions.

H20 A|203 P205 S|02 TEA Time Temp.
50 1.0 1.0 1.0 3.9 4.5 - 3.5 hoursl80 - 220°C
N ! | ! | ! | ! | ! | ! I _]
i 180°C
N (MWE47)
s .
('U -
el 200°C
é‘ i (MWE66) 1
% B L_,\MW e ]
=
i 220°C
| (MWES57)
- A A./JJL A P A _
! | ! | ! | ! | ! | ! |
0 10 20 30 40 50 60
2-theta

Fig. 7.12: Effect of temperature on a synthesis mixture \ithh silica content.

When the synthesis mixture contains less silica,diffraction patterns shown in figure 7.13
also reveal an increased yield of AFI phase witthér temperature. The series chosen for
display has intermediate silica content and prosi@eAFl phase with some CHA impurity
at 180C, while at the higher temperatures the CHA reibectt 9.8 is markedly smaller.

The compositions and synthesis conditions are givéable 7.9.

Table 7.9:Composition, in relative molar amounts of oxiday] aynthesis conditions.

H>,O Al -0O3 P.Os SIOZ TEA Time Temp

50 1.0 1.0 0.3 3.9 4.5 - 3.5 hoursl80 - 220°C
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Fig. 7.13: Effect of temperature on a synthesis mixture witteimediate silica content. T

CHA peaks at 9.9ndicatec and magnifiedgan be seen to decrease with higher temper

As displayed by the SEM micrographs of (neapure AFI samfes in figure 7.14, the crys

size appears to increase with increasing temperaflirthe crystals possess hexagonal -

like morphology, but the thickness of the platepesgys to increase with higher crystallisat
temperature. Whilgery few pur-phase samples are available for comparison, themggsn
that the crystal size of SAF5 is dependent on crystallisation temperature i$

unreasonable as similar results have been foundotioer zeolites, such as -X and

silicalité™*. An increase in crystal size with temperature coildicate hat the crystal
growth rate is more affected than the nucleatioe by temperature chand*'.

Fig. 7.14: SEM micrographs of pure AFI crystals synthesifrom mixtures oflow Si conten
at 180°C (left), 200 °C (middle and from a very Si-rich mixture at 22G (right).
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Knowing that low silica content, high temperatured ashort crystallisation time all favour
crystallisation of the AFI phase, production of @8APO-5 is possible. However, the yield
of crystals is low and it is not easy to reprodicibtain samples free of CHA impurities,
while at the same time maintaining high crystatyiniAlso, while 220°C seemed to be the
ideal temperature for producing the AFI phase, ishatempts at this often led to a mixture
of poorly crystalline phases (AFl and CHA, in aduiitto one or more unidentified phases).
Even though this was likely due to a poor choicsilifa source (as Ludox AS-40 was later
discovered to cause such problems during microwsgeheses), no more experiments at this
temperature were performed. In fact, the only @#&O-5 obtained at this temperature was
made from a synthesis mixture containing a Si/Alor@f 1 (SEM micrograph shown in
figure 7.14).

7.2.4 Effect of faster heating, autoclave size and stirring method

The effect of a number of parameters, includingafsee more modern oven than the tumbling
oven used previously, was investigated. In gen¢hnal,use of the “modern”, faster heating
tumbling oven (see experimental section 6.1.1 &iais on ovens) resulted in results similar
to previous syntheses in the “old” tumbling ovempti®al conditions for producing plate-like
AFI crystals were low-silica synthesis mixtures astibrt crystallisation time. Very few
attempts at varying the temperature were perforretino reason to doubt that an increased
temperature is favourable for AFI crystallisatiorasvapparent. Samples free of CHA
impurities were still difficult to obtain, but thiwas somewhat easier than in the “old” oven.
The yield of crystals was also slightly improvedheTfact that faster heating of the synthesis
mixtures is more favourable for crystallisation Al than CHA is in agreement with the

results of Vistad et &P®!, namely that slow heating is beneficial for crifigation of CHA.

One notable difference when using “modern” ovens Wee additional crystalline phase
formed under conditions where nearly pure CHA wdoédformed in the “old” oven. The

diffractograms shown in figure 7.15 are peculiathat the reflection at ~9.5 ° is very intense
and the accompanying SEM micrograph clearly shawadalitional phase of pyramid-shaped
crystals. The additional phase was identified a$s @QHPO4- or SAPO- 18), and the intense
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~9.5 ° reflection is caused by partial overlap @ftactions from crystal planes in both Ct
and AEI.

L 1 Hexagonal e MWE1S2)
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Fig. 7.15: Diffraction patterns ¢ mixed phase crystalline produdieft) and SEM showini

hexagonal platdike, cubic an pyramid-like crystals (right).

Syntheses performed at 2@utilising magnetic stirring instead of tumblinigosvs the exac
same trend as previously observed when varying talgation time Yields and
reproducibility are also similar to synthese the“modern” tumbling over Under synthesis
conditions like those outlined in table 7. an AR phase is formed at short tii while CHA
dominates at longer synthesis tin This is evident fronthe diffraction patterns in figur
7.16. However,hte diffraction pattern at long crystallisation tirakso indicates the preser
of the AEI phaseAs this phase was only observed when the modernsowere used, ar
then irrespectively of autoclave sior stirring method, it is assumed that crystali@atof

AEIl is favoured by faster heating r:

Table 7.10:Composition, in relative molar amounts of oxides] aynthesis conditior

Hzo Al 203 P205 SIOz TEA Time Temp.

50 1.0 1.C 0.1 3.9 3.5 4.5 hour 200°C
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Fig. 7.16:XRD patterns showing the effect of synthetime at 200 °C with magnetic stirril.

When characterised by SEWhicrographs shown in figure 7.17/ampleswhich have been
magnetically stirredare less homogenous than those crystallised unddsling conditions
Also, when a temperature d8C °C is employedthe crystals look like they are stuck toget
with amorphous matteihus, it was concluded that tumbling conditions rae favourabls

for producing homogeneously sized crys

“an 00°CY

{MWE166)

Fig. 7.17:Micrographs of samples crystallised with magnéitisg atdifferent temperature

55



7.2.5 Seeding

Even though conditions where formation of the ARhgpe dominates have now been found,
the syntheses still suffer from poor reproducipiind low yield of crystals. In an attempt to
remedy this, small amounts of seed crystals frorieeayntheses of pure, plate-like, SAPO-5
was added to some synthesis mixtures. Such addiiosmall amounts of crystals to a
synthesis mixture is known to be an effective méttm “direct” the crystallisation towards
the seeded phd&®& ' All syntheses with seeding were crystallisedhie thodern tumbling
oven with synthesis conditions as shown in tabld .7This practice was very successful as
highly crystalline pure AFI phase was formed in m®gtheses. Yields were also better than

previous syntheses, with 2-3 g of (calcined) prodoiened from 6.5 g reactant oxides.

Table 7.11:Composition, in relative molar amounts of oxidas] aynthesis conditions.

Hzo A|203 P205 SIOz TEA Time Temp
50 1.0 1.0 0.1 3.9 4 hours 200°C
| | v | v | v | v | v I _]
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Fig. 7.18: XRD patterns of two batches of crystals obtaingidg seeded synthesis mixtures.

Figure 7.18 shows two representative diffractiottggas of seeded syntheses in tumbling
oven. All samples displayed a very intense reftecfrom the 002 plane (at 21 indicative

of plate-like samples (usually of intensity betwekea two patterns in figure 7.18). Variations
in this intensity between the samples are likelyb® primarily caused by the sample
preparation, as no systematic variations in mogwwere detected by SEM. Figure 7.19
displays SEM micrographs of crystals from seededhgses. The samples are composed of
hexagonal crystals with sharp edges, and thus apfey similar to non-seeded samples
crystallised in the “modern” tumbling oven. Cryssates are quite homogenous, with cross-
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sections of ~10 um and thickness betwee-4 um. An interesting feature not observed
previous syntheses is the large crystals visiblehenleft image of figure 7.19. Whitthese
represented very few of the total number of crgstidiey were nevertheless present ir
platelike seeded samples. A possibility is that thegetlae seed crystals themselves whicl

addition to promoting nucleation, has grown lardring tre heating perio

't wl:‘glss' m2)
Rt

J‘? "-s

T e

Fig. 7.19:Crystals obtained from seeded synthesis mixturese the two largwcrystals in the

image on the left.

Several different samples @late-like crystals were usems seeds without observing &
difference in the productHowever the addition of the hexagonal barstlaped crysta from
TPA synthesis (such as those of figure led to a product with less homogene
morphology, but smaller crystal size, as shdn the SEM micrograph of figure 7.20. T
reason for the dramatic change in crystal sizemaatphology is unknown, but the obtair
crystals aref high crystallinity and significantly smaller thgreviously observe(
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Fig. 7.20: XRD and SEM of a sample crystallised with seedsnfr@ static TP.-templated

synthesis. The largest crystals in the micrograpthe right are approximately 2x2u8n.
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7.2.6 Syntheses performed with microwave irradiation

Advantages to microwave synthesis include fastestaflisatiof®® ' *®land also in some
cases the crystals formed are reported to possess umiform and perfect hatit€). In
addition, Jhung and Yoon et*8f ®? have reported that synthesis mixtures containiBg T
subjected to microwave irradiation selectively fdime AFI phase. When microwave facilities
became available, syntheses with variation of sdvparameters were performed. These
included temperature, heating rate, crystallisatiore, amount of template and amount of
silica in synthesis mixture. However, the experitsewere largely unsuccessful and the
majority of them suffered from poor temperature tooin caused by the controlling
thermocouple being in contact with water only, wdhaseraction with microwaves was very
different from that of the synthesis mixtures. Oalyrief summary of highlights and lessons
learned is given here, and the interested readefesred to appendix A for an overview of

what syntheses were performed.

The first synthesis attempt following the procedunsed earlier (i.e. stopping the synthesis
shortly after crystallisation) appeared to yieldtptlike crystals in high yield. This led to the
assumption that the method was appropriate witlianiave syntheses, and many attempts to
reproduce the early success were made. Three mablems were encountered: uneven
heating caused the autoclaves to frequently veamtitheir contents, the appearance of
unwanted (dense) phases and profound difficultigsying to predict the exact crystallisation

time.

The first of these obstacles has already been oredi and was due to the controlling
thermocouple being immersed in water instead ofymthesis mixture. After changing
standard practice and always placing the thermdeoupone of the synthesis mixtures,
unwanted ventilation of the autoclaves ceased ta p@blem. The unwanted by-products are
described by Jansétf! and are ascribed to inadequate stirring of thetumix before
crystallisation. While this is not a problem in hgthermal heating, the fast crystallisation
during microwave irradiation makes complete mixoighe reagents critical for a successful
synthesis. Allowing at least 15 minutes of vigoratisring before heating appeared to solve
the problem, as unwanted phases were hardly ewseradd after this was made standard
practice. Predicting crystallisation time provedfidult, as it varied greatly between

experiments. In most of the microwave syntheseokUAlS-40 was used as the silica source
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(as opposed to most of the conventional syntheshsere Cab-O-Sil was used), and this
seemed to cause further randomisation of the dligstizon time. The reason for its adverse
effect on synthesis control is thought to be duetddow purity, as larger silica particles
introduced in the synthesis mixture could influeribe nucleation of the mixture. While
Ludox AS-40 allowed easier handling of synthesigtares by reducing their viscosity, the

discovery of the reproducibility problems it caused to Cab-O-Sil being used again.

Even after all these problems were solved and G&htQvas used, crystals made with
microwave heating displayed large variations in phofogy. Table 7.12 shows the synthesis
conditions of four pure AFI phase samples prodweitd microwave irradiation, while figure

7.21 and 7.22 contains diffraction patterns and Sgibtographs for the same samples.

Table 7.12:Composition, in relative molar amounts of oxidas] aynthesis conditions.

Sample H.O A|203 P,Os5 SIOz TEA Time Temp.
a 50 1.0 1.0 1.0 3.9 40 min 190°C
b 50 1.0 1.0 1.0 3.9 25 min 190°C
C 50 1.0 1.0 0.1 3.9 1 hour 180°C
d 50 1.0 1.0 0.1 3.9 45 min 180°C
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Fig. 7.21: XRD patterns of the samples detailed in table .7All?Zare pure AFI phase.
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Fig. 7.22: Examples morphologi of microwave-crystallised sampldsote the much smalle

crystal sizehan previously observed from hydrothermal hea

While the use of microwave irradiation for prodoctiof SAP(-5 was abandoned after the
observations, some useful knowledge can still bamgkd from the results. Ftly, although a
great many parameter variations were attempted@;H@& impurities were observed in any
the samples crystallised by microwave irradiatidhis could indicate th when the heating
of the mixture is very rapid, CHA formation is repsec This would be in line with earlie
results found by Vistad et When trying to synthesise SAP3- using a morpholin
template they founthat a key pr-phase for CHA formationloes not forr when heating is
too rapid. The other interestirobservation frommicrowave synthesis is the fact that
crystals studied with SEM are small. While crystalepared with other methods mostly
in the 10-20um range, those prepared by microe irradiation are typically small than 5

um.
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7.2.7 Summary of syntheses with TEA

Using TEA as template, both CHA and AFI phaseskmformed by hydrothermal synthesis.

Several factors influence the relative amounts &utraf the two phases and the effects of the
investigated parameters on phase selectivity isrgim table 7.13. It should be noted that
while higher Si content generally promotes CHA fation (as indicated in the table), some

experiments indicate that very large amounts aéasiin the synthesis mixtures favours the
AFI phase.

Table 7.13:Effects of varying synthesis parameters for alsgsis mixture containing TEA

Parameter Effect
Higher Si content Promotes CHA formation
Longer crystallisation time Promotes CHA formation

Promotes AFI formation

Higher T . o
Size of AFI crystals is increased
Faster heating rate Promotes AFI formation
Seeding Greatly favours growth of the seeded phase
o Tumbling increases homogeneity in size and
Stirring

morphology of AFI crystals

It is possible to produce pure SAPO-5 by optimistogditions to favour AFI formation (low
Si, high T) and stopping the synthesis as soon rgstatlisation occurs. Unfortunately,
reproducibly stopping the synthesis at the poinemshonly AFI has formed is difficult and
often leads to either amorphous samples or CHA iitips. This may be a result of
heterogeneity in the mixtures leading to differengethe time before crystallisation occurs.
Even though all liners were washed with HF befae, uhere could still be a variable amount
of particles introduced into the mixture which wawsupply a surface for nucleation. By
adding seeds of pure AFI phase, this problem isunivented since formation of CHA is
strongly repressed. In nearly all syntheses, thephabogy of the AFI phase is hexagonal and
plate-like.
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In microwave syntheses, the CHA phase is not olseM/hether this is due only to the faster
rate of heating or some other interaction withrdudiation is not known. However, it appears
likely that the heating rate is the dominant fa@srSAPO-34 has previously been shown not
to form at fast heating rates, since the time eénttoo short for a key pre-phase to form before
crystallisation of SAPO-5 stalt®l. Despite this, microwave irradiation at short &sis
times proved unpredictable for morphology contrad asubject to several problems. In
hindsight, more effort should perhaps have beensed on microwave irradiation at longer

synthesis time as this is a proven metf8d°* of morphology control.

7.3 In-Situ XRD

To study the formation of SAPO-5, crystallisatiorasvfollowed by in-situ XRD. The
experiment used a standard low-silica synthesidurexand was crystallised at 2@ The

synthesis conditions are given in table 7.14.

Table 7.14: Synthesis conditions of the in-situ XRD experime8ee text for detail of

synthesis time. The maximum temperature was reaaftedapproximately 90min.

H,O Al -03 P.Os SIOz TEA Time Temp

50 1.0 1.0 0.1 3.9 * 200°C

Figure 7.23 shows the evolution of the synthesigtuné over time and already at scan
number 7, the pattern of AFI is visible. This capends to just a bit more than 90 minutes of
synthesis time (13 minutes between scans), meahaigthe crystallisation has proceeded
significantly faster in the capillary micro-reacttyan in a regular autoclave. Further along in
time we see that another phase starts growing. Memvecontrary to most conventional
syntheses, this phase does not seem to be the Gél¥e @as the characteristic peak at®@.5

not present. The observed peaks appear to fit @eunf denser phases of silica or alumina,
but its exact nature has not been determined. Rowgs after the first appearance of this
phase, all traces of the AFI phase had vanishedjrig only the unidentified reflections.
Another interesting feature is the bump centredumdo5 which appear just before
crystallisation starts, which could be due to ameoing of the reactants into some amorphous
precursor. In figure 7.23, only data from the fitstee hours of synthesis is included in order

to preserve the clarity of the figure.
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Fig. 7.23: XRD patterns from synthesis of SAPO-5. The leffjufe shows the complete
diffraction range, while the right shows a closeafghe 15-258 region to more clearly show
the impurity peaks growing at 2@nd 21.8. The red area shows the time interval where AFI
is the dominating phase. The time between eackrpat approximately 13 minutes, with the

earliest scans shown at the bottom (closest tocthger).

Differences between syntheses carried out in amckwe and a capillary have been
documented before, but whether the crystallisapiooceeds faster or slower in a capillary
seems to diffel® % The main difference between this setup and amargiautoclave

synthesis is the volume of the container, but ofhetors such as the fact that only a small
part of the capillary is heated could also leadifferences in crystallisation even though the
heated area is much larger than the X-ray beamleithis difficult to directly compare the

synthesis methods, both show that the AFI phasehasdency to form early, but dissolves

over time in a mixture containing TEA.

The smaller volume of the capillary leads to mareraction with the reactor walls, which
would lead to a higher relative area for heterogasenucleation to occur on. The fact that the
crystallisation was significantly faster in the dimareaction volume could indicate that

heterogeneous nucleation is very important for ftfiam of the AFI phasg®®!
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8 Conclusions and further work

Several samples of pure SAPO-5 have been producdld differing crystal sizes,
morphologies and Si content. While the largest tafgsmight be affected by diffusion
limitations when used in catalytic testing, crystalhere the lengths of the micropores are

only a few pm long have also been produced andldi@usuitable for this purpose.

Large differences between the two templates usedyiothesis (TPA and TEA) have been
uncovered, both in morphology and in phase sel&gtiwhile synthesis mixtures containing
TPA appear to crystallise as pure AFl phase unddarge range of conditions, TEA
containing mixtures show selectivity towards otpbases as well. Most notable of these is
the CHA phase. While factors such as silica contemperature, heating rate and synthesis
time can be tuned to lower the amount of impuriiireghe crystalline products of a TEA
containing synthesis mixture, the addition of sesdsecessary to consistently obtain a pure
SAPO-5 product. Morphologies of the AFI crystale aiso seen to vary with the template
used, as TPA seems to preferentially crystallisecaenal barrels or (presumably
polycrystalline) roundish morphologies, while TEAixtures produce almost exclusively

plate-like crystals.

Effects of heating methods and stirring have alsenbinvestigated. It was found that
tumbling of the synthesis mixtures decreases theuamof amorphous material formed in
syntheses with TPA. For TEA syntheses a more homemges size distribution was found
under these conditions. Microwave crystallisatioasvehown to have a large impact on the
production of impurities in TEA syntheses, with oiber zeotype phases formed, and also to
decrease the average size of crystals producedmbighologies did not appear controllable

at the conditions investigated, though.

The results also provide a small hint to the ciistdion kinetics of the AFI phase in TEA
syntheses. The apparent growth in crystal size wgitiperature could indicate that the growth
rate increases more than the rate of nucleatiom wpmperature, possibly due to a higher
activation energy for growth than for nucleattdfl. The importance of heterogeneous
nucleation rather than homogeneous is also sugbebte the significantly faster
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crystallisation in the smaller volume of a capildhan in an autoclave. However, this might

also be due to a significantly faster heating efrhixture under these conditions.

Many possibilities for further work are apparenteafthe results here. Especially the
competitive growth of CHA and AFI phases, whichreedo be present under many different
synthesis conditions, is worth studying. As cry&ation mechanisms of zeolites are
generally poorly understood further studies of whparameters affect the two phases, and in

what way, may provide valuable insight for moreedied future syntheses.

While the morphologies of the hexagonal AFI phaaeehbeen proven variable over a large
range of aspect ratig® %10 103 2% nore investigations could yield even further atidns.
Tian et a® succeeded in producing different morphologiesrahgition-metal substituted
AFI crystals by adding surfactant to the synthesigtures. Such a procedure could be
attempted for the silicon-containing SAPO-5 as wéhe fact that Choi et B! recently
succeeded in synthesising single-unit-cell MFI talgsfrom a surfactant containing synthesis
mixture proves the applicability of this type ofnrepound for control of zeotype morphology.

Very thin plate-like AFI could be interesting ag.enembrane materi&f’
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Part II: Spectroscopy and adsorption
studies
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9 Theory of experimental techniques

9.1 Thermogravimetric analysis (TGA)

Thermogravimetric analysis allows monitoring ofaargple’s changes in mass with variations
in temperature. The instrument consists of a sprakision balance, upon which the sample
is placed, and an oven encapsulating the volumendréhe sample. It is often possible to
introduce controlled atmospheres inside the overthis work, TGA set-ups were used both
for temperature-programmed desorption (TPD) measemnés and for the adsorption of tri-n-
propylamine (TPA) in the samples. In the latterecabe mass was monitored at constant

temperature.

9.2 Characterisation by adsorption or desorption of probe molecules

9.2.1 Surface area measurements by Nz adsorption

The surface area of solids can be determined bwrpiisn of small molecules. Most
commonly, characterisation of porous materials asried out by adsorption of JNat its
liquefaction temperature of 77 K (- 196). The Braunaer-Emmet-Teller (BET) isoth&/f
can then be employed to find the specific surfaea af the material. This isotherm assumes
equivalent adsorption sites for all molecules i thirst layer, no adsorbate-adsorbate
interactions and that adsorption on top of the ipres/ layer with adsorption energy equal to
the condensation energy proceeds to infinity atstiteration pressure. The linearised version

of the isotherm is given as:

P 1 +)(—1P
Va(Po—P)  xV XVo Py

Wherey is the ratio of the desorption rates from the sdcand first adsorbate layer,  the
volume of adsorbed gas, Vs the volume of adsorbed gas in the first monalaf is the

equilibrium pressure of the adsorbed gas while thespartial pressure of the adsorbed gas.

P
Va(Po—P)

From a plot of vs.Pi, a straight line through the points at low $P¢Bn be used to find
0

the number of molecules in the first layer. Frons,ththe surface area is available if the

molecular diameter is known. While the assumptiohshe BET isotherm are not strictly
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applicable to zeolitic materials as very little tilalyer adsorption takes place in the pores,

BET areas can still be used for comparison of siniaterial$??.

In addition to the surface area, the shape of asoration isotherm can also reveal
characteristics of a material. Hysteresis loopsedwy capillary condensation may indicate
the presence of mesopores. The IUPAC has publigb&tlines on the characterisation of

porous materials by physisorption, including desteshs of common isotherm shaé%.

9.2.2 Characterisation of pore size and diffusion

The adsorption rate versus time for large probeemdés with dimensions similar to the
zeolitic pores can provide valuable information more structure in zeolitic materials. For
example, Chen and Zor&s have demonstrated that adsorption of 2,2-dimethgie can
be used to distinguish both between 10- and 12-stigctures and between different
structures of similar pore dimensions. The uptaite will be indicative of the diffusivity of
the probe inside the pores of the material. A goeerview of the use of probe molecules for
characterisation purposes is given by Traa &f°allt is possible that by using a probe of
suitable dimensions, differences in diffusivity che detected in samples of the same
structure. For use on H-SAPO-5 samples a largebeptban 2,2-dimethylbutane (kinetic
diameter 6.2 &%) is likely needed as pore diameters in this stmects 7.3 A%. Chen et
al*?! have reported that essentially no adsorption @&f5itriisoprobylbenzene (kinetic
diameter 8.5 A) is observed in SSZ-24 (AFI struetpwhile Traa et 8° recommends the
use of tertiary alkylamines for characterisatiori®fring structures.

9.2.3 Temperature - programmed desorption (TPD)

Acidic sites of zeolitic materials can be investaghby temperature-programmed desorption
of a suitable base such as NHhe principle of the method is to adsorb a basimpound on
the material before increasing the temperature Iglewd observing at what temperature the
adsorbates desorb. Desorption can be monitorecereitly mass spectrometry or by
thermogravimetric methods. When investigating zeofnaterials, it is common to use BH
as the probe molecule and to leave it at a sligalbyvated temperature for some time to

ensure removal of physisorbed molecules beforeifge@bmmences. As NHwill desorb
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from weaker acid sites at lower temperatures tham fstronger sites, the method provides a
measure of acidic strength. The amount of;MNldsorbing also provides a measure of the

amount of available sites.

9.3 Fourier Transform Infrared Spectroscopy (FTIR)

Transitions between vibrational (and rotationakrgy levels of molecules and materials can
occur by absorption of photons with frequenaida the infrared range. However, absorption
will only occur when a change in dipole momentssaxiated with the transition. This means
that molecules must either possess an electridedipoment or one must be induced during
vibration for successful use of infrared spectrgscoln Fourier transform infrared

spectroscopy (FTIR), the sample is irradiated wifihared radiation and an interferogram is
produced. The interferogram is a complex signahtansity as a function of time, containing
all the frequencies of the infrared spectrum andatovert this into the more useful spectra of
intensity versus frequency, a mathematical operatimown as a Fourier transform is used.
The vibrational frequencies of a chemical bond wilrease with increasing bond strength
and with decreasing mass of the vibrating atomandre thorough coverage of infrared

spectroscopy can be found in the references [128), 1129].

In catalysis, infrared spectroscopy is commonlyduse study probe molecules and the
manner in which these interact with the cat&i}8t For zeolites, characterisation of acidic
sites in the frequency region of O-H stretchingrailons has proven valuable and it is
possible to monitor the interaction of the acidite swith various probe molecules. For
instance, the strength of the acidic sites in fiealaterials has been frequently measured by
the adsorption of a weak base such as CO. In suelxgeriment, the O-H bond of the zeolite
will weaken upon adsorption (shifting it to a lowfleequency) and the range of the shift can
be used as a measure of the acidic strength. Time $gpe of information can also be
obtained from the change in vibrational frequentthe adsorbate. For a thorough discussion
on FTIR spectroscopy of zeolites, see [130, 13T]IRFspectra of zeolites are usually
presented as absorbance versus wavenumewberev is inversely proportional to the

wavelength X) (or proportional to the frequeney:.

17:1//1:1//0
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10 Experimental

10.1 Calcination of the samples

Except for SEM and XRD (which has been previouslyven), all characterisation and testing
was performed on samples that had been calcineghtove the templating agent used in the
synthesis. Samples B/H, SC, P/H and B/L were cattin a muffle-furnace for 2-3 hours and
were removed when the powder was completely white exact time varied between the
samples and depending on the amount of powder leailcghed. For sample P/L, some black
spots (possibly indicating the presence of a simalbunt of denser phase zeolitic material)
were visible in the powder after this treatmentrtiker calcination was performed on this
sample by heating it to 6@ under an Blflow in a tube furnace. After reaching 600 °C, the

flow was changed to pure;@nd the sample left at this temperature for thlaes.

10.2 Surface area measurements by Nz adsorption

Isotherms were measured using a BEL BELSORP-minwhere N was adsorbed and
desorbed at 77 K. Between 50 and 100 mg samplaisesfor each experiment. All samples
were pre-treated under vacuum, first at°80for 1 hour and then at 30C for 3 hours, to

remove water and other adsorbates.

10.3 Adsorption of TPA

Tri-n-propylamine (TPA) was adsorbed on the sampkeS0°C while the weight increase
was monitored in a Rheometric Scientific STA 150Qefimogravimetric instrument. The
adsorption experiments were performed to providgght into diffusive properties of the
samples. 10 mg sample was used and 15 mil/min,oaturated with TPA at 2%C was
allowed to flow into the TG. The vapour pressureTBA at this temperature (3.5 mB&#)
provides an equivalent WHSV of 0.4"halthough a significant bypass will result in tet-

up. All samples were pre-treated at 35Qnder pure @for 1 hour prior to adsorption.
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10.4 NH3 TPD

NH3; TPD was performed thermogravimetrically at Haldopsge AS in Lyngby, Denmark,
and a detailed description of the method and emxpmrial procedure can be found in [133].
20 -50 mg sample was dried at 8G0for 1h under a flow of helium and then cooled daw
150°C before an excess of NHvas introduced. The sample was then left at ABGQnder
inert atmosphere until the mass of the sample Isgabiso all physisorbed NHvould be
desorbed. Heating to 6T& at a rate of 10C/min was then performed to monitor desorption

of NH3 from acidic sites.

10.5 FTIR spectroscopy

FTIR spectroscopy was used in an attempt to getaditgtive impression of the degree of
defects in the materials (by comparing relativenalg of different hydroxyl groups) and to
study the acidity of the materials. In additionwas attempted to determine whether H-
SAPO-5 would protonate tetra- and/or hexamethylerazThe instrument used was a Vertex
80 with MCT detector and a transmission setup. @dssquent scans were performed to

obtain each displayed absorbance spectrum.

Sample P/H was prepared by pressing the powderargelf-supporting wafer, but for the
other samples a high degree of scattering and Wd#lsignals made it impossible to record
intelligible spectra in this way. Instead, the otsamples were prepared by depositing the
powder as a thin layer on a silisium substrate gusiistilled water. For sample SC, both
methods were viable and produced similar resultsthe background was heavily sloped and
thus the spectra obtained using a silisium waferséwown instead. Before measurement, all

samples were pre-treatedsitu under vacuum at 120 for 1 hour, at 300C for 1 hour and

finally at 450°C for 1 hour in order to remove adsorbed waterlgrtocarbons.

When adsorbing CO, the samples were cooled to Witk liquid nitrogen before CO was

allowed into the sample cell. The CO was then gafidypumped out of the cell while spectra
were recorded at regular intervals. When adsorhimgthylbenzenes, either tetra- or
hexamethylbenzene powder was introduced into thpkeacell under vacuum before the cell
was closed and disconnected from the vacuum lire part into an oven to increase the
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vapour pressure of the compounds. For hexamettgdimenit was found that 150 for 2

hours was necessary to ascertain that the moletddsdiffused into the sample and
interacted with the acidic sites. The same conustiavere then also used to adsorb
tetramethylbenzene, although the same results alsce obtained when lower temperature
was used. To remove physisorbed methylbenzeneathpls cell was outgassed, first at room

temperature and later at 100.

All spectra shown have been corrected for water@dglpresent in the air around the sample

cell.
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11 Results and discussion

11.1 Overview of samples studied

As shown in part | of this work, a large numbersghtheses were performed, but very few
yielded suitably pure H-SAPO-5 samples for cataelgtudies. A few of these samples were
selected for further studies, and this sectionegichted to provide details of the synthesis
conditions together with SEM and XRD results foedd samples. The names given to each

sample will be used extensively throughout the iadex of the thesis.

The original idea for selecting these exact samplas to have two plate-like samples with
short (2-3um) channels and two samples with longer (1) channels in order to study the
effect of diffusion length through the crystals thie selectivities and deactivation behaviour.
Of these, one sample of each would have a low teoacid sites, while the other would be
higher. They were then named either P for plate-ik B for barrel-like to account for
morphology, and either L or H for low or high sdicontent. It should however be noted that
the amount of silica actually incorporated into baarel-like samples was not very different
after all, and in fact has the opposite order asnttbmenclature suggests. In addition to this, a
fifth sample was introduced when a later attempsyatthesis produced crystals of much

smaller size. The most logical name for this sanmae then simply SC, for small crystals.

All samples were calcined as described in the exy@tal section. Some changes to the low
angle reflections were noticed, but no apparentedse in crystallinity was observed. Non-
framework species are known to affect the low amgtgon of the pattern, and a change in

these are expected when the organic template iswed’.

B/H (Barrel, high Si content)

A catalyst sample synthesised in the old tumblimgno(see chapter 6.1.1. for details on ovens
used), with TEA template and Cab-O-Sil as silicarse. Synthesis conditions are given in

table 11.1, while figure 11.1 gives XRD patternsl am representative SEM image. The

synthesis number of the sample was MWES5S.
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Table 11.1:Synthesis conditions and composition in relativdamamounts

H20 Al;03 P.Os SiO; TEA Time Temp.

50 1.0 1.C 2.0 3.9 3.5 hours 220°C

S T As - synthesised
(G - p
~ | A l A l\J A " A .
2
U) -
St .
E I Calcined

| /{ — ﬂ UL Aah A A ]

I I I T I I I
0 10 20 3C 40 50 60
2-theti

Fig. 11.1: XRD patterns for esynthesised and céted material (left) and representative Si
image (right). The sample seems to have good tlip#taand consist of mostly large 20x

um hexagonal nuts/baats, with some of them seemingly fusing toge!

B/L (Barrel, low Si content)
This sample was crystallizethde static conditions. The template useds TPA and Cab-O-
Sil was used asilica sourceSynthesis conditions, diffraction patterns and Smicrograph
are displayedn table 11.2 and figure 11.2, belc The synthesis number for the sample
MWEDO1 (see appendix A).

Table 11.2:Synthesis conditions and composition in relativdamamounts

H20 A|203 P205 SIOz TPA Time Temp.
50 1.0 0.€ 0.4 2.1 24 hours 200°C
[ T T T T T T ]
’:T i As - synthesised
g I w-—AJ\_AL‘M__A.‘A,\_‘ML |
2 [ ]
@ r ]
o r ; 1
£ JJM '
- T ! T ! T ! T ! T ! T ! -
0 10 20 3C 40 50 60

2-thet:

Fig. 11.2: XRD patterns for esynthesised and calsinetaterial (left) and representative SE
image (right). The sample has a high content of ralrmus material and the crystals

somewhat unevenly shaped. Tl-axis length seems to average aboupd0
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P/L (plate, low Si content)

P/L was crystallizedn new tumbling oven using TEA as temje, with Cal-O-Sil silica
source andeeded with a small amount of p, plate-like, SAPCb to obtain pure phas The
sample is a mixture of the combined yield of sysd®e MWE196 and MWE197 (s
appendix A), produsd with synthesis conditions as outlined in table31 Figure 11.:
provides XRD and SEM data of the sam|

Table 11.3:Synthesis conditions and composition in relativdamamounts

H-0 Al,0O3 P,Os SiO, TEA Time Temp.
50 1.0 1.C 0.1 3.9 4 hours 200°C
[ T T T T T T ]
; i As - synthesised
g __ _)\__A_L._LVJLJ_}\LJ Aﬂ W A A _-
St ) _
2 | ” ﬂ Calcined |
- | Jd W I ot _|
T T T T T T T T T T T T
0 10 20 3C 40 50 60

Fig. 11.3:XRD patterns for esynthesised and calcinadaterial (left) and representative SE
image (right). The morphology of the sample is nyoptate-like with diameter averdng 10
um and thickness @8m. A few larger or smaller crystals are also obsenmd variations in

crystal size in the majority ithe sample are very small.

P/H (plate, high Si)
This catalyst batchrygstallizec in microwave oven using TEA as template and-O-Sil as
silica sourceDetails on synthesis conditions are given in taldlel, while characterisatic

data is provided ifigure 11.4 The ynthesis number of the sample is MWE

Table 11.4:Synthesis conditions and composition in relativdamamounts

Hzo Al 203 P205 SIOz TEA Time Temp.

50 1.0 1.C 1.0 3.9 40 minutes 19C°C
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Fig. 11.4:XRD patterns for esynthesised and cahed material (left) and representative Sl
image (right). Thecrystals are mostly roundish and p-like, with varying diameter an
thickness. As is alsimplied by the diffractogram, there is a substdragrmount of amorphot
matter present in addition to the crystals. Notg the crystals are smaller than P/L, but
average thickness is approximately the samer(g

SC (small crystals, 203)

This sample was crystallizad new tumbling oven using TEA as template, withb-O-Sil
silica source, and seeded with a small amount of RAPC-5 (from sample B/L to obtain
pure phaseThis sample consists of the combined yield fromtlsyges MWE203 ar
MWEZ204. Synthesis conditions are given in table Mitsle XRD and SEM results are giv:
in figure 11.5.

Table 11.5:Synthesis conditions and composition in relativdamamounts

Hzo Al 203 P205 SIOg TEA Time Temp.

50 1.0 1.C 0.1 3.9 4.25 hours 200°C
’5 L
\('6/ -
> F
g |
g
c }
0

Fig. 11.5:XRD patterns for esynthesised and cahed material (left) and representative Si
image (right).The crystals are all hexagonally shaped and sm#ibem 2pm. Crystallinity
appears to be very high.
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11.2 BET

N, adsorption was performed on all samples and a uneax the surface area was found
using the BET equation. The adsorption isothermti@fsamples SC, B/H and P/L are shown
in figure 11.6. All three isotherms are of typemhich is typical for microporous materials
with relatively small external surfad&s!. This suggests that the materials possess well-
defined micropores and that few or no defectivaomg containing larger pores or cavities
exist. Differences in adsorption capacities ught pplateau region are evident from the figure,
with the capacities of the samples increasing enditler P/L < SC < B/H.

150- 150- 150-
| @m:m:mmum&cmﬂ‘n'@u g e
1004 iy 1001 100+ overtavenpest
"o > "o
o (@]
E g £
8 50- £° 50- 8 504
1S —e—Des —o—Ads E —o—Ads
—o—Ads —e+—Des —e—Des
0 T T 0 T T 0 T T
0,0 05 1,0 0,0 0,5 1,0 0,0 0,5 1,0
P/P P/P, P/P

Fig. 11.6: Adsorption isotherms for samples SC (left), B/Hddhe) and P/L (right).

The adsorption isotherms for B/L and P/H (showifigare 11.7) are quite different from the
samples already discussed. The plateau regionkeofsbtherms are not as flat and well
defined as those in figure 11.6. At high presstinese is also a significant rise in the amount
of adsorbed gas. Both samples also show a sligbtergsis on desorption. Hysteresis is
usually associated with capillary condensation iesaporous structuré&”, but from the
synthesis methods of these samples there is nmmretms assume that the crystals are
mesoporous. Instead, it is assumed that the hgstdsecaused by agglomeration and possible
intergrowths and defects in the crystals. Indekd,isotherm for P/H is very similar to type
H3 and H4 hysteresis loops observed for slit shgoeds resulting from aggregation of plate-
like particle§'?”. The hysteresis loop of B/L, more akin to a HH@rtype hysteresis loop, is
somewhat more difficult to interpret. Hysteresestludse kinds are often associated with

agglomerates of particles, but have also previousten ascribed to a difference in
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condensation and evaporation mechanisms causedtag pvith narrow necks and wide
bodies (ink bottle pore$§*.

200+ 350+
/7?’“ 300- .
_ 1504 '/. /D . 2504 IE
> e ™ 7
£ 100 s o 2007 /
=z f}” 2150~ g
E«S J EGS i 9900
100+
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—e—Des 50—_ —e—Des
0 T T T T 0 T T T T
0,0 0,5 1,0 0,0 0,5 1,0
P/P P/P

Fig. 11.7: Adsorption isotherms for samples B/L (left) anti Rright).

When comparing these results to the SEM micrographise same samples (figures 11.2 and
11.4), explanations of the isotherms which involagglomerates or aggregates seem
plausible. Even though the ink bottle pore explmmais probably an oversimplificatiGA®,
there is still a possibility that defects or intengths in the crystals of B/L could be

responsible for its strange adsorption isotherm.

Table 11.6:BET surfaces of all studied samples.

Sample BET surface (m/g)
SC 341
B/H 375
B/L 269
P/H 347
P/L 295

When calculating the BET surfaces of the samplasefgin table 11.6), significant
differences are apparent. The difference betweerples B/H and B/L is greater than 100
m?/g, while BET surfaces of the other samples aréridiged between those two. Surface

areas reported by other groups also vary quite lwiddung et &° % 1%lreport mostly
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surfaces in the range 320 - 386/gn while crystals with high silica content are seed by

Seelan et 8'® to possess surface areas smaller than 20§ m

The main reason for differences in surface aresssimed due to differences in the amount of
blocked or distorted channels in the material. @ergg then that the calculated accessible
surface for N in a perfect AIP@5 is around 450 Ay (For a discussion on calculated
accessible surface, see [134]) and silicoalumiA&testructures (SSZ-24) have been reported
with BET surfaces of 414 #g**®, it is evident that the synthesised SAPO-5 sampissess

defective structures.

In summary, the surface areas vary between thelsampith B/H having the highest BET
area while that of B/L is significantly lower. Ttether samples are intermediate between
these two. Samples B/H, SC and P/L appears to Ikeclg microporous from their
adsorption isotherms, while B/L and P/H show sonegree of hysteresis indicating

agglomeration/aggregation and/or defective strestur

11.3 Adsorption of TPA

The kinetic diameter of tri-n-propylamine (TPA)+6.8 nn&**® 237 which is larger than the
reported diameter of the pores in an AFI framewtHd A'%). However, the molecular
kinetic diameter and the pore size are not nedagssansistent with each other, and in many
instances molecules are known to diffuse into pomessidered narrower than the molecular
diametel*?®.. Considering the large size of TPA and the faat thcan be used to template the
synthesis of AFI frameworks, it seems plausibleagsume that the molecule fits into the
pores, but that the effective size of the pore opers critical to its diffusivity. If so, it might
be possible to detect small variations in pore arz@ accessibility by monitoring the rate of

adsorption of this molecule in the synthesised $asap

Figure 11.8 shows the increase in weight versug tiar all five synthesised H-SAPO-5
samples when exposed to a continuous flow gfsBturated with TPA at 2& (3.5 mbar
partial pressuf&?). While adsorption was monitored for most samgtesas long as 20
hours, the samples did not appear to become sadlueatd still showed a slow increase in

weight with time. Only the first 100 minutes of adstion are shown in figure 11.8, as this
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represents the most interesting information. Aftes, all measured samples (P/H was only
measured for 2 hours) simply continue to incredéelg. Whether they would all eventually
have converges to a similar level of weight gain do order related to their BET surface
areas), is not known. While it is evident from figull.8 that reproducibility of the
experiment for sample B/L is not very good, repats of the experiments for both P/L and
SC are in good agreement. The poor reproducibitiftyB/L is attributed to sample
inhomogeneity as the sample contains amorphous risdateand a larger degree of
agglomeration than the other samples. Inhomogemnsigt thus also be a problem for P/H,

but this sample has not been tested for reproditgibi

| —scC
| ——BMH

Weight increase (%)

o 10 20 30 40 50 6 70 80 9 100
time (min
Fig. 11.8: adsorption isotherms for adsorption of TPA. Whitvere are two lines of the same

colour, these are reproductions of the same exp@atim

The experiment reveals that there are clear diffeee between the amounts of TPA adsorbed
during the time shown in figure 11.8, and thatdh®unts adsorbed does not appear to follow
the same trend as amounts of &tsorbed (see chapter 11.2). P/H and B/L adsodd TP
fastest, which might be related to the same phenamausing hysteresis during; N
adsorption. If larger pores (mesopores) exist ie thterfaces between crystals or in
amorphous material in these samples, it seemsiplaubkat large amounts of TPA could be
adsorbed in these. In addition the possibility extbat defects in the materials might create
somewhat larger pores, into which TPA may diffusereneasily. The difference observed
between the three other samples, which all lookligigrystalline both with SEM and XRD
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and strictly microporous from Nadsorption, is also very interesting. The adsormptiate
increases in the order SC < P/L < B/H, which idedént from the order of increasing BET
surface areas (P/L < SC < B/H) and opposite of wiatld be expected based on crystal
sizes. This indicates that the TPA uptake is goseioy some other property of the samples
than the surface area and crystal size.

The most likely cause of the differences in diftusiis thought to be a difference in the
effective channel dimensions, due to defects eitineating larger or narrower pores in the
crystals. The ease of diffusion into the crystg@lgear to increase in the order SC < P/L < B/H
< B/L < P/H.

11.4 NH; TPD
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A -0,003] B/L
99,5-
’ —P/H
. P/L
o0
200 300 400 500 600 200 300 400 500 600
Temperature (°C) Temperature (°C)

Fig. 11.9: Results of NH TPD plotted as mass % (left) and mass change t)riggrsus

temperature.

To study the acidic properties of the samplesg NNAD was performed on all samples except
SC. The results of the experiments are shown urdid 1.9, where the mass of the samples
can be seen to decrease throughout the tempenateireal studied. The mass decreases most
rapidly between ~20@ and ~350C, with some variation between the samples. The

variations between the samples in the temperatinerevmost rapid desorption is observed
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might indicate small differences in acid strengflowever, as the variations are small and the
curves somewhat noisy, it is difficult to establishether this difference is significant or not.

Small variations in heating rate could also catnmsissin the desorption maxima.

The temperatures found to correspond with maximudy Nesorption from figure 11.9 is
between 24%C and 2753C. Even though previous studies have reportedrdiftetemperature
maxima for H-SAPO-5, they mostly fall into the rangbserved here. Lee et'& reports a
desorption maximum at 276, while both Chen et'df' and Qinhua et &1’ report maxima at
240°C. Tapp et &% found a somewhat lower maxima at 220 While all of the
aforementioned report only one peak correspondingesorption from acidic sites, Halik et
al**% reports a second maximum occurring at & 7but provide indications that this might
be caused by amorphous impurities. Only one maxirisuabserved for the samples studied

in this work and this is assumed to be caused bgrgéon from Brgnsted acidic sites.

Compared to other zeotype materials like H-SAPQu3d H-Beta, TPD reveals H-SAPO-5 to
be a significantly weaker acid. H-SAPO-34 is knawrpossess a desorption maximum at as
high temperatures as 390°% or 400C™**! (with an additional maximum for weaker sites at
250°C reported in [141]). H-Beta has also been repottetiave NH desorption maxima
higher than 30GC by BjgrgeH*?. As many of the other works utilise somewhat déffe
methods and conditions for the TPD experiments)y thee not necessarily directly
comparable with this work. However, as similar imgarates have been applied they should

still give good approximations of relative acidestgths.

Table 11.7:Acid site density ((Al+P)/Si ratios) of the studimaterial found by TPD and EDS
compared. The “Synth” column details the relatimants in the synthesis mixtures.

(Al+P)/Si (Al+P)/Si (Al+P)/Si
Sample TPD EDS Synth
SC - 80 40
B/H 59 28
B/L 47 25
P/H 53 20
P/L 135 96 40
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The acid site density of the materials was detegthiinom the amount of NfHdesorbed (see
appendix E for details). Table 11.7 lists the citad (Al+P)/Si ratios found by NHand
EDS, and compares them to the amount of silica chddetheir synthesis mixtures. It is
evident from this that the amount of silica incaigded into the materials is much lower than
the content in the synthesis mixture, but also thate is little correlation between silica
content in the crystals and the amount of acidiessiFor B/H, B/L and P/H it appears that
only about half of the incorporated silica prodwe acid site, while for P/L a somewhat
higher proportion of the silica seems to produadipc It is well-known that Si can substitute
not only for P to generate a bridging Brgnsted, &ite¢ can also produce siliceous regions by
substituting for both P and Al in SAPO structuresq e.g. [25]). Such siliceous regions
produce less than one acid site per Si atom anddwexplain the deficiency of acid sites
compared to silica content in the materials. It bBls® been reported that the tendency for
generation of siliceous regions increases witheiasing amount of silica in H-SAP®%143

In summary, the acid strengths of the samples etlugppear to be similar while the acid site
density is seen to vary. B/H, B/L and P/H all haveigher (and comparable) acid site density
than P/L. SC has not been studied, but based on &iSamount of silica in synthesis

mixture, it is expected to have an acid site dgriddse to, but somewhat higher than, P/L.

11.5 FTIR Spectroscopy

11.5.1 Comparison of hydroxyl stretching region

Figure 11.10 shows the FTIR spectra in the regiomydroxyl stretching for all (pre-treated)
samples recorded at room temperature. Two absomtid ~3524 cih and ~3626 ci are
present in all samples, while most of the samplss show absorptions at ~3674 ¢rand
~3742 cnit. In addition, a small absorption band at ~3792" ¢smalso visible in some spectra.
Although the exact wavenumbers vary a little, thidge bands have been reported humerous
times for H-SAPO-5 in the literatdfe 9 97 138 140. 144147Thay have been assigned to
bridging Si-OH-Al (~3524 ci and ~3626 ci), P-OH (~3674 ci), Si-OH groups (~3742
cm?) and Al-OH groups (~3792 ci), respectively.
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As all T-atoms in the AFI structure are crystalimgjically equivaleft?, it is interesting to
note that there are two different absorption bdodshe Si-OH-AIl groups. The reason for this
has been studied by Zibrowius ét4l, both by IR and NMR spectroscopy. Their conclusion
was that the band at lower wavenumber (~3524)cis due to hydroxyls pointing into the
six- membered rings of the framework while the ~8&2i’ band is caused by hydroxyls

pointing into the twelve-rings. The exact naturearef Al -, Si - and P-OH bands is somewhat

less clear as they have been attributed both to ]

mt
mt

amorphous impuritié¥?, to surface hydroxyts'”

3674 cmt

3792 cmt
3626 c

and to terminal OH groups associated with
structural defects in the materfaf§.

It should be noted that the spectra in figure 11.10
are not normalised with respect to each other,
meaning that a quantitative analysis of the amounts

) J

of different OH groups present is not possibles 1

: . 8

However, a comparison of the relative absorptlo% ]

of the P-OH and Si-OH groups with Si-OH-A@

A ]

reveals clear differences between the samples. ﬂwe:
silanol (Si-OH) band at ~3742 émis clearly

present in the spectra of B/H, B/L and P/H, while i

is very small or absent in the spectra of P/L and ]
SC. This higher ratio of silanol groups to bridging
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Bronsted groups for materials with higher Si
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content seems to support the previous findings of Wavenumber (crd)

primarily Si for P substitution at low Si content,

Fig. 11.10: Comparison of IR spectra of all

but that other substitution mechanisms become _ .
samples in thev(OH) region at room

. e .. 43]
more likely when more silica is incorporat&d™**! temperature. Wavenumbers of the peaks

discussed in the text are indicated on the
The P-OH band at ~3674 énis quite strong in all ~ figure.
samples except SC, and especially strong in P/H.thds sample is known to contain
amorphous material rich in phosphorous from SEM BB, there might be a connection.
Al-OH groups are visible in B/H, B/L and P/H, whitee spectrum of P/L is too noisy to
determine if it is present or not. This absorbasaguite broad in B/L, possibly signifying that
slightly different Al-OH groups exists within tharmple.
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While all other samples contain a mixture of diéier OH, it is remarkable that the spectrum
of SC is virtually free from any other bands thaiaging Si-OH-Al (some P-OH is visible on
close examination). Even though a reproduction ©f(®easured as a self-supporting wafer)
showed a more visible P-OH band, the absorbancestiiesignificantly lower than for any of

the other samples.

11.5.2 Acidity measurements by probing with CO

To study the acidity of the samples, they were sgddo CO at 77 K in order to monitor the
change in frequency of the OH groups. Upon codin@7 K, and before CO adsorption, the
Si-OH-Al band at ~3626 cthbroadens and is blue-shifted between 0 and I5 dine range

of the shift differs between the samples, with Stdly shifting at all while B/H shifts as
much as 15 cih The band for protons pointing into the six-ring8524 cnt) is hardly
affected on most samples, but a significant blti& shobserved for P/L and SC (12 &n

No change in frequency is observed upon coolingtlier other OH groups and the peaks
returned to their original position (3626 ¢nwhen heated back up to room temperature.
There are many possible explanations for this afeskbehaviour, and definite conclusions
are not warranted without further studies. Whentémeperature of a material or molecule is
increased, it is expected that higher vibratiomedrgy levels become more populated. Due to
anharmonicity in the molecular vibrations, theseele become more closely spaced as the
energy is increased. This may lead to absorpticlovaeér frequency when the temperature
increases, but would also be expected to leadnar@wer band at low temperature than at
high™*®. From this, it is possible that different degreésnharmonicity in the material cause
the difference in shift ranges. An explanationtfe band broadening at low temperature may
be based on increased hydrogen bonding interabgbmeen OH groups close together (such
as the edges of a silica patch). This would leadréadening, but would also be assumed to
cause a shift in the opposite direction as thaenlesl. These explanations do not account for
the fact that the absorption frequencies are efjuadll materials at room temperature. One
possibility that would explain this is that whilbet Si-OH-Al groups are different at low
temperatures, the increased proton and framewoltilityoat higher temperatures results in

equalisation. In this latter case, it is uncertaihether acid strengths measured by CO
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adsorption are relevant for high temperature appbas such as catalytic conversion of

methanol.

When exposed to CO the spectra of all samplesfegeted in a similar manner, although the
exact shift values of the Si-OH-Al vary between damples. The general features of the
spectra will be discussed first, before the exasitpns and shifts of all samples’ Si-OH-Al
bands are given in table 11.8 at the end of theosec

Absorbancea.L.)

3800 3600 3400 3200 2200 2150 2100 205

Wavenumber (crh)

Fig. 11.11: FTIR spectra showing the O-H stretching regiorit)(land the C-O stretching
region (right, background subtracted) of B/L exmgbse different amounts of CO. The spectra
are divided into two groups to separate overlappitgractions of the Al-OH and Si-OH from
the P-OH and Si-OH-Al bands. The top spectra remebkigh CO coverage and the bottom

low coverage. Thicker lines indicate maximum andimum CO coverage.

The FTIR spectra of B/L are shown in figure 11.Af maximum CO coverage (thicker line
in the upper group of spectra in figure 11.11) ¢hiwoad peaks are visible in the OH
stretching region at wavenumbers 36507¢t8495 crit and 3345 cm. As CO is removed
from the sample, the bands of Al-OH and Si-OH (&4Bcm' and 3792 cil, respectively)
start appearing while the peak at 3650 cdisappears. In addition, the peak at 3345'cm
sharpens and is blue-shifted to 3367 @nd the intensity of the peak at 3495 tdecreases.
At lower CO coverages (lower group of spectra gufe 11.11) the P-OH and Si-OH-Al
bands reappear (at 3676 trand 3634 cm), while at the same time the 3367 trpeak
disappears and the 3475 ¢is reduced to the original peak at 3524'cm
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In the CO stretching region of B/L (figure 11.1ght), two peaks at 2171 ¢hand 2137 cm
dominate the spectra at high CO coverage. Theskspma® assigned respectively to CO
adsorbed on strong Brgnsted sites and “liquid-lik€® condensed in the channels, based on
similar observed absorbances in related materiaiierithe same conditiofs 3% 31
Another peak is also visible at the highest covesaat 2090 cih which is ascribed to CO
bonded to a hydroxyl group through the O-a{dth As CO is removed from the sample the
O-bonded and “liquid-like” CO disappear, making thend for CO on strong Brgnsted sites
dominant. All peaks in the CO stretching regionebkhifted slightly when coverage was
decreased, with the two major peaks ending at 2b74and 2140 cil. There is also some
indication of absorbance between the “liquid-likeaid strongly adsorbed CO, which is most

likely caused by adsorption on the Al-, Si- and R-§tes.

The samples B/H and P/H (spectra shown in figur@a2)1show similar responses to CO as
B/L except that the value &V (Si-OH-Al) is a bit larger in B/H and smaller inHR/Apart
from small differences in intensity, peak widthsdawavenumbers, the appearance and

disappearance of the same peaks in the same erdesérved for all three samples.

Absorbancea.u.)
Absorbance (a.u.)

e i

3800 3600 3400 3200 2250 2200 2150 2100 205 3800 3600 3400 3200 2250 2200 2150 2100 205

Wavenumbe (cnr?) Wavenumbe (cn?)
(a) (b)
Fig. 11.12:FTIR spectra of B/H (a) and P/H (b), both dividetb O-H (left) and (background
subtracted) C-O (right) stretching regions. The tmoup of spectra represent high CO
coverage while bottom group of spectra show lowevecage. These are separated to
distinguish between overlapping interactions. Taicknes indicate maximum and minimum

CO coverage.

On the basis of these experiments it appears tisadrption of CO causes a shift of the Al-
and Si-OH bands from 3742 ¢hand 3792 cil to a broad absorption around 3650cfihe
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individual shifts for these two cannot be deterrdinisut it is assumed that the centre of the
shifted peak is Si-OH H-bonded to CO while the Aft@dducts are less visible at higher
wavenumbers. This would givav(Si-OH) equal to -90 cfh which is about the same as
expected for Si-OH in aluminosilicate8. The P-OH can likewise be linked to the peak
around 3495 cih, especially from the spectra of P/H where a latgerease here coincides
with a large increase in the P-OH peak. This gavehift valueA7(P-OH) equal to -181 cth
However, the 3495 cthband continues to decrease a bit after the P-Otd bas returned,
begging the question whether something else iscagsd with this absorbance. Of the two
bands from Si-OH-Al, it appears that only the ohéigher wavenumber is interacting with
CO. The interacting band shifts to around 3360"cdepending on the sample. The shift of
this OH group A7(Si-OH-Al), is then longer than 250 chior all samples, indicating that this
group is more acidic than the other interacting @rldupéml. As Si-OH-AIl groups are
assumed responsible for the catalytic activityhs material, this is expected. The observed
blue shifts of many of the peaks when CO is desbda@ be attributed to multilayer coverage

of CO when coverage is very high

The observed inaccessibility of protons pointing ithe six-rings is in accord with the kinetic
diameter of CO compared to the size of a zeolitiensembered ring (3.76 A and 2.8 A,
respectivel}*®). Despite this, indications that these sites attemwith stronger bases or at
higher temperatures exist in the literature. Kuséowal**® have shown that both types of
bridging OH groups are deuterated during oligonatias of deuteroethylene at 300 K, while
Schiith et &°” report interactions with p-xylene at 373 K. Beaauws this, it appears likely

that the protons are mobile enough to participate catalytic reactions at elevated

temperatures.

The spectra of CO exposed samples with low Si edrf&C and P/L, shown in figure 11.13)
differ somewhat from previously shown spectra ie @H stretching region. The Si-OH-Al
(~3628 cn in SC and ~3641 cthin P/L) appear very broad compared to their lotenisity,

and it appears that a peak at 3460"amust be related to CO adsorption on these bridging
Bragnsted bands. The most likely cause of two pealesed to CO H-bonded to bridging sites
would be that there are two different strengththeke acidic sites. It has been found that the
acidic strength of a bridging OH will vary depenglian the first neighbours of Si in SAPO
materials, increasing in the order Si(4Al) < Si(BAl Si (2Al) < Si (1Al)?°. In addition,
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Halik et al**” observed a shoulder on the accessible Si-OH-Adbamd attributed it to

another type of strong Brgnsted site. However ldhge difference in red shift (close to 100
cm?) on CO adsorption between the two sites is stimgisThe strength of the weakest site

would then be comparable to the P-OH groups whigajn according to Halik et'4d, are

not active for catalytic cracking of n-butane onexane.

Absorbance (a.u.)

Absorbance (a.u.)

. T

3600 3400 3200 2250 2200 2150 2100 205( 3800 3600 3400 3200 2250 2200 2150 2100 205
Wavenumbe (cm1) Wavenumbe (cm1)

(a) (b)
Fig. 11.13:FTIR spectra of SC (a) and P/L (b), both dividetbiO-H (left) and (background
subtracted) C-O (right) stretching regions. The gmpup of spectra represent high CO
coverage while bottom group of spectra show lovesecage. Thicker lines indicate maximum

and minimum CO coverage respectively.

While it is difficult to explain the presence ofede extra peaks as anything else than more

weakly acidic sites, their exact nature is somewimadear. If there is more than one type of

bridging Brgnsted site this should be visible ie gamples containing more Si as well, as

more variation in Si environments are observed wéiica content is increasgd **! It is
possible that the large P-OH shifts overlaps adésthis peak in P/L, P/H and B/L, but more

experiments would be required if a satisfactoryl@xation is to be found.

Table 11.8:position of Si-OH-Al bands at 77 K for all samphksd their shiftsAv(OH), after

exposure to CO.

Sample v(OH) Si-OH-Al notes AV(OH)
SC 3628crit Very broad peak 273 ¢i(and 170 crl)
B/H 3642 cnt 273 cntt
BIL 3634 cm' 267 cnt
P/H 3634 crit 254 cnt
P/L 3641 crit Tailing on red side 276 ci(and 181 crit)
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As previously mentioned, the exact positions amapsk of the Si-OH-Al absorption (3626
cm® at RT) differed between the samples when coole@7td, and the shift induced by
adsorbed CO also differed. Exact peak positions smnfl values are given in table 11.8.
These significant (reproducible) variations indec#éihat the samples have slightly different
acid strengths, with especially P/H and B/L showagveaker acidity than the others. In
addition to this, extra peaks are observed whera& P/L were exposed to CO, possibly
indicating the presence of even weaker acid siie (supra). It should be noted that the TPD
results shown in chapter 11.4 indicated that B/ls waore strongly acidic than the other
samples, although delving into the variations inDTRas avoided due to the noisy plots
obtained. Kubeléva et'&® also reported two quite different shift values oo H-SAPO-5
samples exposed to C@#(OH) = 254 cni and 280crit), so it is not improbable that these
samples also vary in acidic strength. In any casgher studies on acidity of the samples

would be desirable.

If the H-SAPO-5 samples are compared to the maguintly used MTH catalyst H-SAPO-
34 as measured in [141] and [90], it is seen thatténdency to form terminal OH groups is
much higher in H-SAPO-5. The acid strengths alssmseomparable as the largest shifts
measured for H-SAPO-34 are 270 tnWhile it was concluded by Chen ef*3ithat H-
SAPO-34 is a stronger acid than H-SAPO-5, the FReriments performed here indicates
that this is not necessarily true of all H-SAPQCanples.

11.5.3 Interaction of acidic sites with methylbenzenes

When performing flushing experiments on H-SAPO-84 ¢he isostructural zeolite H-SSZ-
13, Bleken et &” " found that the amount of tetramethylbenzene rethin the catalysts

decreased with flushing in the latter material, bat the former. They attributed this to the
relative acid strengths of the materials, and slp¢ed on whether the acid strength of H-
SAPO-34 was too low to protonate this species. lfes groton affinity of methylbenzenes
increase with increasing number of methyl groupss possible that the difference in acid
strength between the two materials is sufficientdaose a difference in how many methyl
substituents is required before protonation camiodd-SAPO-5 has a similar acid strength to
H-SAPO-34 and grants the possibility to introducetmlbenzenes into the structure for

studies with FTIR spectroscopy. By monitoring alpsions related to benzene ring
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asymmetry, it may be determined whether symmelyicalibstituted aromatics (such as
1,2,4,5-tetramethylbenzene or hexamethylbenzene) @otonated inside the zeolitic
framework. Such experiments were successfully perdd by Bjgrgen et & * on zeolite
H-Beta. They reported that tetramethylbenzene asleéhst substituted methylbenzene that is

protonated inside this structure.

-
=
©

~
(]
(&)
c

8 T T T T T T T T T
—
@]
(72}

0

<

Tetra-MB

3800 3600 3400 3200 3000 2800 1650 1550 1450 1350
Wavenumber (cr?)
Fig. 11.14:Hexa- (top) and Tetra- methylbenzene (bottom) dmbon P/H. The bottom lines
in each of the left frames are from the pretred&éd sample without adsorbate. The series of
fully drawn thin lines represent outgassing of miitenzenes at room temperature under
vacuum, while the dash-dotted lines have been Hiaatd 00°C while degassing. The right

parts of the spectra have been subtracted foriélam &/H sample.

Figure 11.14 displays the FTIR spectra of H-SAP@&gnple P/H containing adsorbed

1,2,4,5-tetra- and hexa- methylbenzene. While tittoln spectra in each frame represent the
clean (pretreated) samples, the series of suceebsas show the evolution of the spectra as
the sample cell is outgassed at room temperatueakly bound methylbenzene was removed
during this period. The dash-dotted lines showsthectra after outgassing at 100 °C until no

change was observed on further degassing.

When hexamethylbenzene was adsorbed on the sartgpe spectra in figure 11.14),
absorptions from the molecule was visible betweamemumbers 2800 - 3100 ¢rand 1350
- 1500 cnt. Similar, but sharper, bands also appeared onstmaple with adsorbed

tetramethylbenzene. These bands correspond wdil préviously observed infrared spectra
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of the same methylbenzef&s*® °? |n addition, broad bands appeared in both sangftes
adsorption, covering the region between the ~376 and ~3100 cf. These were assigned
to interactions between the zeolitic O-H groups ahd methylbenzenes. The broad
absorption region could also be seen to possessnaoma for each sample. Both samples
displayed one maximum at ~3600 Cwhile the position of the other differs for thergales.
For the sample with adsorbed tetramethylbenzen® naximum was at ~3350 émwhile
the sample with hexamethylbenzene showed a les®pnoed maximum at ~3250 ¢min
both samples, the absorptions were significantiyatier than what was observed during

adsorption of the same species in H-B&t%¥!

A band near 1600 cfrwas clearly visible when hexamethylbenzene is d@sbon H-SAPO-

5, but is less clear during tetramethylbenzene ratiso. This is the area where Bjgrgen et
al®® ®! reported the band caused by ring asymmetry casrelipg to protonated
methylbenzenes in H-Beta. Unlike what was obsemddBeta, however, this band could be
seen to decrease when the sample was outgassel: WWdimuch higher intensity of this
absorption in the sample with hexamethylbenzena tletramethylbenzene may indicate
protonation in the former but not the latter, tisisar from certain. Although precautions were
made to avoid water in the sample cell, its preseannot be completely ruled out. As water
absorbs in this region (above 16009t is possible that this is what is removed whies
cell is outgassed. The fact that there is an alisorm this region in the tetramethylbenzene
loaded sample at high loadings which seemingly pgisars during outgassing is also
puzzling. Benzene and p-xylene in H-SAPO-5 has ipusly been reported to cause
absorptions at ~3356 ¢’ and ~3327 cmi*®*” respectively. As tetramethylbenzene is a
stronger base than either of tH&¥e™®* hydrogen-bond interactions with Si-OH-Al groups
would be expected to cause absorption at lower mawbers than these. The fact that it does
not complicates the interpretation of the spectra.

From these spectra (figure 11.14), there appedre todifference in the interaction of the two
methylbenzenes with the acidic sites of H-SAPO«,ihether this is related to protonation
is uncertain. A clear conclusion is unlikely to fmnd without better spectra or further
experiments, but it is likely from these resultatthrotonation of hexamethylbenzene occurs.

For tetramethylbenzene, it is hard to concludelangtat all.
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12 Conclusions and further work

Five of the samples synthesised in part | of thisrkwhave been more extensively
characterised. These samples are the same asewilddl for part Ill. It has been found that
relatively large differences in surface areas arwssibility to large molecules exist between
the samples, and FTIR has shown varying amounterafinal OH groups in addition to

possible variations in acid strength. Acid site signhas been found to be similar for all
samples except when very little silica has beem uise¢he synthesis mixture. This indicates
that above a certain amount, additional silica dogiscreate acidic sites with the synthesis
methods employed in this work. Table 12.1 givesoagh summary of the results of the

different characterisation techniques employed.

Table 12.1: Summary of characterisation data for all sampdesd strength and amount of
OH-groups are from FTIR measurements. Amounts ofg@dtips and accessibility to TPA are
somewhat arbitrary but give a good idea of howstn@ples compare. The reader is referred to

the relevant chapter for specifics. SEM and XRadaigiven in chapter 11.1.

Sample Seer  (AHP)/Si (AI+P)/Si Accessibility Acid strength (IR) Amount of
(m%g) TPD EDS toTPA  A¥(OH) (IR) p-OH A-OH Si-OH
sC 341 @ 80 (Very) poor 273 cth® Low None None
B/H 375 59 28 Medium 273¢i  Medium®  None High"
B/L 269 a7 25 High 267 cih Medium High High
P/H 347 53 20 Very high 254 ¢m High Medium  Medium
P/L 295 135 96 poor 276 ¢’ Medium  None Low

(1) Intensity of signal relative to Si-OM-signal from FTIR at room temp compared with ateamples.
(2) TPD of SC has not been performeddgid site density is expected to be somewhat hitjtzer P/L.
(3) These samples have an additional saitte approximately 100 chshorter.

(4) Spectra of B/H are poorly resolveddstermination of relative amounts of Si-OH and R#® hard.

The interactions of two methylbenzenes (1,2,4,Gteethylbenzene and hexamethylbenzene)
with the zeolitic acid sites of P/H has also bed¢ndied. While results indicate that
protonation of hexamethylbenzene occurs, the natafe the interaction with
tetramethylbenzene is less certain. ComplimentaryMI5 spectroscopy may provide further
clarification of this. In addition, it would be iofmative to perform the measurements again,
but add a strong base after methylbenzene adsorpliothe bands around 1600 ¢m

disappear upon contact with strong base, it woubdicate deprotonation of the
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methylbenzene. Such an observation would add dhegibo any claim that protonation

occurs.

It has been observed that the H-SAPO-5 synthedisesl is prone to formation of defects,
especially when silica content is increased. Theireaof the defects have, however, been
poorly characterised and generation and streng#tidfsites has proven quite complex based
on the variations found between the samples by Figasurements. If more knowledge is to
be gained in this area, more extensive charactemsawill be required. Both NMR
spectroscopy and more IR spectroscopy studies usimgr probe molecules would likely
yield valuable information on Si substitution megisans and generation of acidity. Moving
to diffuse reflectance FTIR spectroscopy (DRIFTS$yhalso be a better alternative than the
transmission methods used in this work, as DRIFIl@&va easier investigation of strongly

scattering sampl&3® 1%

If producing SAPO-5 with less defective structunel/ar with higher density of acidic sites is
desirable, more synthesis experiments might algeeb®rmed. Some examples of reasonably
successful attempts to produce H-SAPO-5 with higiwertent of silica with little formation

of siliceous regions is available in the literatUfer example, syntheses based on the methods
of Francd®® or 0jd**¥! (where the latter also achieved a BET surfaceerigian 400 rig)

could be attempted.
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Part III: Catalytic Testing
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13 Theory of experimental techniques

13.1 Gas Chromatography (GC)

Gas chromatography (GC) has been used extensivehis work to analyse the distribution
of products during catalytic reactions, and alsettaly hydrocarbons retained in the catalysts
after reaction. Chromatography is a method for ey compounds based on their differing
distribution between two phases, the mobile phase the stationary phds¥l. In gas
chromatography the mobile phase is usually HepNH,, and this gas carries the mixture to
be separated through a column containing the statyophase. Depending on the compounds
degree of interaction with the stationary phase, time used to travel the length of the
column will differ. In columns with non-polar statiary phases, Van der Waal interactions
dominate and similar compounds are eluted in (rbQdioiling point order. Compounds can

be observed with a detector as they are eluted fh@ncolumn.

Most analyses using GC employs long open tubulaillaesy columns with the stationary
phase lining the inner wall of the column, eitherthie form of a film or solid particles. The
column is placed in an oven to ensure a suffickapour pressure for compounds to elute in a
reasonable amount of time. Many chromatographshase the possibility to control both the
temperature and the flow rate of mobile phase duanalyses, and both these factors will
influence the degree of separation and time befbrton of the analysed compoufd¥. A
schematical representation of a gas chromatograpbhown in figure 13.1. Numerous
detectors can be used to observe and analyse utesl dtactions, but in this work either a
flame ionisation detector or mass spectrometry wiees.

Carrier

Silicone £
e — i i

— Exit

Injector
port . Computer
Injector Detector
oven

Detector
oven

rColumn

Column oven

Fig. 13.1:simple depiction of a gas chromatograph. From 158
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13.1.1 The flame ionisation detector (FID)

In a flame ionisation detector (FID), the elutednpmunds are burned in a mixture of &hd

air. As carbon atoms are burned, about 1 fhpt6duce an ion according to the scheétrfé:

CH+0 - CHO" + e~

Collector
(positive electrode)

The charge separation produces a current betweeftatne and

Flame tip
(negative electrode)

the collector, which can be detected and conveited digital

Igniter coil
Glass insulation

M~ Air diffuser

signal. The response factor of carbon atoms in emygpntaining

Gas

flow
——
from

Ii i column

Hydrogen inlet

compounds will be different from hydrocarbons aralé been ot

corrected for this throughout this work based orevmus
calibration. The response factor of all hydrocagdras been iy 132 schematics of a
assumed equal in all quantifications. A schematieptesentation FID detector. From [158].

of a FID detector is included in figure 13.2.

13.1.2 Mass spectrometry (MS)

Mass spectrometry (MS) is a method that can be usednly as a detector system for
chromatography, but also as a separate spectrantetfinique. Either way, the method is
based on converting the sample into positive iopdbdmbarding them with high energy
electrons. These ions are then accelerated byeatriehl potential and separated based on
their deviation from a straight line of flight inraagnetic field. In addition to providing the
molecular mass of the sample, the ions will alsagfment into smaller ions. The
fragmentation pattern can then be used for a metaildd analysis of the molecular

structure!®” Figure 13.3 displays the layout of a single fongshass spectrometer.

magnet

S

ionization chamber //vQ\
7 L

o
AN
\

) / collector signal to recorder
sample introduced here

detector

Fig. 13.3: Schematic diagram of a single focussing mass gpeeter. From [157].

100



13.2 Isotopic labelling

When using a feed containifiC labelled carbons, it is desirable to determiredistribution

of labelled and unlabelled atoms in the product poamds. This is possible by performing a

linear regression analysis on the ion fragmentaddoy mass spectrometry. The method used
here is based on previous work by P.O. RegrfifigThe calculations assume that there is no
kinetic isotope effect and only molecular ions &rayments with intact carbon skeletons are

analysed.

As *C make up 1.11 % all naturally occurring carbon apiis necessary to correct for this
amount in order to obtain a pul% mass spectrum. For an ion of mass m/z consisfily

carbon atoms, the probability of containing’@ atoms is given by:

N!

m] * 0.011171 * 0.9889N_n

=]

Where the bracketed part of the equation is thebsunof permutations possible for'fC
atoms in an ion of N carbon atoms. The single ieakparea corrected for naturally occurring
13C is thus given by:

Zﬁ:lAcorr(i - Tl) * Pn
0.9889N

Acorr (1) = Agps (i) —

Where Aon(i) is the corrected ion peak areandi) the observed ion peak area and/f - n)
is the Corrected peak area of ions with mass i-heithe corrected peak areas are known,

the distribution of ions in a puféC spectrum is obtainable.

The isotopic composition of a compound can thefobed by integration of single ion peaks
from MS data. Each single ion peak will contain teinutions from ions of the same mass
number but different number of hydrogen atoms anti® atoms. Based on this knowledge,
a general formula for the observed area as a liceabination of the fractions ofC atoms

in the ions can be constructed:
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N
Aobs(i) = Asulezc(i)Xuc + Z Asulezc(i - n)X(n)

n=1

Where Aymis the sum of ion peak areas,,Hi) the fraction of ions with mass number i in a
purely **C spectrum of the compound while X(n) ang.Xis, respectively, the fraction of
ions containing °C atoms and the fraction of ions containtA@ atoms only.

For every mass number there will be a linear equasind a set of these can be solved by
linear regression analysis to give the fractionsoat containing H°C atoms. Such a linear
regression was performed using a Microsoft EXtepreadsheet. The total contenti in

any given compound can be found from the obserigdltion in the molecule.
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14 Experimental

14.1 Catalytic testing

Catalytic testing experiments were performed in-shaped glass reactor with an inner
diameter of 9 mm containing inlet, outlet and atgepfor insertion of a thermocouple into
the catalyst bed. Catalyst particles were presgeatly crushed and sieved to obtain particle
sizes between 0.25 - 0.42 mm. The reactor was mmtstl specifically to ensure room for
more than 10 particles on all sides of the thermpt®as detailed by Dautzenbefd in his
instructions on laboratory reactor design. It wés anade so that the entire catalyst bed
would always sit in the isothermal zone of the odanng testing. To comply with another of
Dautzenberg’s guidelines (height of catalyst bealihbe at least 50 particles) without using
overly large amounts of sample, the height of thalgst bed was increased by diluting the
catalyst with quartz, crushed and sieved to theesdimensions as the catalyst. This would
also limit the increase in temperature during th&ction as methanol to hydrocarbons is an
exothermic process. However, the practice of difyitwith quartz caused problems during
analyses of spent catalyst while at the same tieensigly not causing any significant
differences on test results. The practice was thereabandoned when performing flushing
experiments and co-feeding with labelled methanol.

O,in
| X-I
Connection

S point for flow

He in aturator measurement
w/ 12C Wast;e
meOH

Manometer
| Effluent — heated

Saturator _ transfer line to GC
w/ Benzene —
Saturator w/ Oven w/ U-
13C meOH shaped reactor

Fig. 14.1: Schematic map of the reactor setup.
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Figure 14.1 shows a schematic flowchart of thepaged for most of the testing displayed in
this work. The GC used was of the type Agilent 688t FID detector and the transfer line
leading the effluent to it was heated to 280 Saturators were immersed in water baths to
control the saturation temperature, while flowmeteirthe type Porter P150 were used. Early
tests with methanol feed, (all at 450 °C and WHS¥Y30except for sample SC) were
performed on a simpler version of the testing ogtaining only one feed line, but it was later
rebuilt to that shown in figure 14.1 to allow easie-feeding. This change also corresponded
with a change of the GC column from an Agilent J&W PONA (50 m x 0.2 mm x 0.50
pm) column to an Agilent J&W PLOT-Q column (15 n0x32 mm x 20 um). This change
was made as the HP PONA column could not separetieamol from isobutene. Even though
the PLOT-Q column could do this, in addition tocakeparating C2 and C3 alkenes from
alkanes, it instead had problems eluting large atms. The columns and reactor setups will
be referred to in the text simply as Pona and ®lobetails and comparisons of the columns
and setups are given in appendix G. Temperaturdlawdorograms of the GC used with the
different columns are given in table 14.1, below.

Table 14.1:Oven and flow programs used in the GC analysiffafent with Pona and Plot-Q

columns.
HP PONA PLOT-Q
Temperature program Temperature program
(%?rrnnirr)l) Temp (*C) I?rﬁ!ﬂ?s? (°FC{:?rrnniFr)1) Temp (*C) ?rr?:gjlrense)
40 6.2 90 5
25 260 25 20 220 5
20 270 16
Total time: 40 Total time: 35
Flow program Flow program
Ramp Flow Hold time
Constant inlet pressure: (Flow /min)  (ml/min)  (minutes)
1.52 bar 1.5 5
Resultant initial flow: 0.5 2.5 7
1.94 ml /min 0.5 4 18
Total time: 35
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A list of all catalytic testing performed with mospecific details is given in appendix B, but
the most common conditions used (at WHSV 0.93\has 50 mg catalyst diluted with 250
mg quartz. Helium carrier gas flowing at 15 ml /miould then be saturated with methanol at
0 °C and led through the catalyst bed at the dgsemperature. When co-feeding more than
one type of reactant, the saturated flows were dhirethe piping before being led through
the reactor. If analysis of the spent catalyst wasired, the reaction was quenched at
predetermined time by transferring the catalyst gi@wto a glass vial at room temperature.
The setup in figure 14.1 also allow easy changenfume gas flow to another, and in the
flushing experiments the methanol feed was chatngedpure helium feed after the desired

reaction time.

Before each test, the catalyst was activated inkgitheating and leaving it at 58D under a
pure Q flow for 1 hour. This was done to remove water amdure that no hydrocarbons
remained in the structure as it was found thatagycibility was not optimal when the,O
treatment was not performed. Oxygen treatment isfkimd directly before experiments has
been found necessary and successful during thep'grqurevious work on another one-

dimensional zeolitic material: ZSM-83.

14.2 Offline analysis of effluent and isotopic distributions

When using isotopically labelled feed, theTable 14.2:Temperature and flow conditions used

effluent was analysed by taking gas sample@ GC MS for offline analysis of effluent.
GS-GasPro
Temperature program

from the outlet of the reactor (through 4

=

septum) using syringes. The gas samples were
then analysed on a HP 6890 GC with a J&\W Ramp Temp (°C) Hold time

(°C/min) (minutes)
GS-GasPro column (30 m x 0.32 mm) and HP

100 10
5973 MS detector. Temperature and flow 10 250 35
conditions of the GC during analyses arg Total time: 60
detailed in table 14.2. This system could elute Elo

and analyse compounds up t

trimethylbenzene. For analysis of large Constant flow: 1 ml /min

effluent fractions, an aliquot of gas was alsodtgd into the same GC-MS used for analysis

of retained hydrocarbons (see next section). The ddtctor provided the possibility of
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determining isotopic distributions by performinggression analyses of the mass spectra

obtained in each peak.

14.3 Investigation of retained material

Investigation of retained hydrocarbons in catalkggposed to reactant was performed by
quenching the reaction at a predetermined time. SEmples were then dissolved in 15 %
hydrofluoric acid (HF) and the hydrocarbons exeddor the aqueous solution with &E,.

In the experiments with quartz dilution 2 ml HF 160 mg (sample and quartz) was used,
while 2 ml HF was used to dissolve 80 mg catalyshe other cases. In the former case, 1 ml
CH.Cl, was used for extraction, while this was reduce@.foml for the latter experiments in
order to increase the concentration of aromati¢ee THCI, used contained Ll as an
internal standard and a phenol impurity (likely

Table 14.3: Temperature and flow conditions used

from of the HF bottle) was always present In|n GC MS for analysis of retained hydrocarbons.

the same relative amounts in all analysgs HP-5MS

performed. Temperature program
Extracts were analysed on an Agilent 6890 GC (oFé?rr:i?]) Temp (°C) ?rr?:glﬂr;se)
with an Agilent J&W HP-5MS column (60 m 50 3

x 0.25 mm x 0.25 pm) and an Agilent 5973 10 300 2
MS detector. Isotopic distributions could be Total time: 30
determined in the same manner as for the Flo

effluent from regression analyses of M$

Constant flow: 1 ml /min

spectra. Temperature and flow conditions

during analysis are detailed in table 14.3.
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15 Results and discussion

15.1 Catalyst activity and lifetime

15.1.1 At 450 C and WHSV 0.93 h-1

100+

——— SC

Conversion (%)

TOS (h)

Fig. 15.1:methanol conversion as a function of time in strg&OS) for the different catalyst
samples at WHSV 0.93'and 450 °C. Note that SC is measured with the nigaw

Figure 15.1 shows the evolution of activity witm& on stream (TOS) at 43C and WHSV

= 0.93 h' for the five catalyst samples used in this worthew calculating conversion levels,
dimethyl ether has been counted as a reactantahstea product, as equilibration between
methanol and dimethyl ether (and water) is assurttedoccur before production of

hydrocarbon&®. As can be seen from the figure, the initial cension of most samples are
very similar and between eighty to ninety percdite exception is P/L, which starts out at
the significantly lower conversion of ~52 %. Thesiial activities correspond quite well to

the acid site densities of the catalysts as the site¢ density of P/L is low while it is higher

and similar for the others.

SC has a higher activity than expected followinig thgic (initially just slightly below B/H,
B/L and P/H), which could mean that its acid siemsity is higher than expected from the

amount of silica used in the synthesis mixture. Ewesv, if there are significantly fewer
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siliceous regions in this material than in the athevhich is likely since no Si-OH groups

were observed in IR (see chapter 11.5.1), the w@Htiacid sites to Si atoms in the material
may be much larger than for the other samples. ,Tiheannot be ruled out that the acid site
density of this material is closer to P/H, B/H @i than to P/L. Some care should be taken
in comparing the activity SC directly to the othessthis is the only sample of these which
was measured on the PLOT-Q GC column after relmglthe testing rig. While the two set-

ups and column perform very similarly, the resalte not identical. See appendix G for a
comparison between the two GC columns. In genirbhs been found that activities found

with the new PLOT-Q system is usually slightly lowean for the old PONA system.

While initial conversion levels are similar for madf the samples, and differences can be
partly explained by the acid site density, the tleation rates differ substantially. The
conversion of SC slowly decreases throughout thelevkesting period and a more rapid
deactivation begins after about 20 hours on stréafmle the conversions of the plate-like
samples (P/L and P/H) have not been measuredrigrdoough to see this deactivation, they
follow a very similar, slowly decreasing, conversicurve to SC during the measured time on
stream. The two other samples, however, strongtyrast this deactivation trend. B/H shows
little or no decrease in conversion until approxiehatwenty hours on stream, when a rapid

deactivation takes place, while B/L deactivatesdigdrom the beginning of the experiment.

When integrating under the deactivation curvesignré 15.1, the total conversion capacity
for methanol can be found. While the catalystsaatéve for a long period of time, the low
space velocity means that only a moderate amoumietiianol is converted. B/H (the catalyst
with longest lifetime) converts just under 30 granethanol per gram catalyst before
deactivation, while B/L (which deactivates fastheerts only about 9 gram per gram catalyst.
Although 30 g/gy is more than the conversion of H-SAPO-34 at itinopm temperature
(~22 g/d®), the time on stream for H-SAPO-5 before reachinig number is very long
compared to H-SAPO-34. Dealuminated H-Beta has lbeported to convert up to nearly
200 g/g.i*%Y before deactivation, while NaOH treated H-ZSM-5 baen reported to convert
550 g/ga before deactivatidifZ. It is also interesting to note that while Chenaand
Campelo et &% report conversion capacities similar to those $eee, Tapp et & reports

a conversion capacity an order of magnitude higiA#rether it is possible to achieve higher

conversion capacity under other conditions hadeen studied in detail here.
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Both B/L and B/H were originally expected to deeate fast due to their large crystal sizes,
as slow diffusion in large crystals are often asstito make the catalysts less efficiefit
For instance, both Chen et and Hereijgers et & found that 2-5 um H-SAPO-34
crystals displayed a lower total conversion capafut methanol than crystals of 1 um or
smaller. While B/L displays a rapid deactivation iatuitively expected, the even larger
crystals of the B/H sample are seemingly more ta&sigo deactivation than any of the other
samples. TPA adsorption (see chapter 11.3) als@ates that the diffusivity of large
molecules is better in B/L than in B/H. This shoutdprinciple make B/L more resistant to
coke formation instead of less, and thus also meséstant to deactivation, assuming that
pore blockage is the main cause of catalyst destadiv. The fact that neither crystal size nor
the measured ease of diffusion is reflected inottier of which the catalysts deactivate most
likely indicate that diffusion limitations are nain issue at the conditions utilised here.
Whether this would still be the case at higher festds or with samples containing a greater
density of acid sites is an open question.

A fact worth noting is that the highest and low8&T surface areas are possessed by,
respectively, B/H and B/L. If the lower BET areaRL is due to a more defective structure,
it is possible to imagine that larger cavities exisside the crystals due to “missing”
framework atoms. Formation of larger aromatic sgedn such cavities could then cause
blockage of one or more of the crystals’ micropomsother possible explanation for the
difference in deactivation would be that the moegedtive structures have a higher degree of
blocked pores, a feature Demuth ét°hreports to have observed with AIR6. It appears
plausible to imagine that diffusion of molecules ofi a deep pore with only one opening
would be problematic. This might then lead to ddup of coke in the pores and further to

deactivation of the catalyst.
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15.1.2 At 350 C and WHSV 0.93 h-1

100+

] —o— SC
——BIL
o] —v— P/H
o —— PJL

Conversion (%)

TOS (h)

Fig. 15.2: Methanol conversion as a function of time on strgg0OS) at T = 350C and
WHSV = 0.93H for samples SC, B/H, P/H and P/L.

As figure 15.2 shows, the activity of all measusathples (B/H was not measured due to low
sample availability) is much lower at 3%Dthan it was at 45C (recall figure 15.1). This is

in accordance with the results of Chen ét?althat SAPO-5 requires relatively high
temperatures to reach a significant activity le\Résults by Bleken et & indicate that
SAPO-34 also has a optimum temperature for methemiwversion which is above 35D.
The initial activity of the samples differs, witiLPagain being the least active, in accordance
with its low density of acid sites. While the orddrinitial conversions is the same as at 450
°C for the other three samples, they show a gregierad at 35C. Initial conversion at 350
°C is 20 % higher for B/L than for P/H, which is aga0 % higher than SC. That B/L is this
much more active than P/H is surprising as evenghdhe acid site density of B/L is higher,
the difference is quite small. It is possible ttred lower acidic strength of P/H (recall chapter
11.5.2) comes into play here. That SC is comparablactivity to P/H strengthens the

assumption that its acid site density is highen teepected based on amount of Si used in the

synthesis.
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What is also evident from figure 15.2 is the ladkaay significant deactivation during the
19.5 hours on stream for the catalysts, which istark contrast especially to the rapid
deactivation exhibited by P/L at higher temperatéye no deactivation takes place it is hard
to determine total methanol conversion capacity,this is assumed to be lower than at 450
°C due to the initially much lower conversion. Bd&fH and B/L display an initial loss of
activity during the first hour before reaching armatable, slowly decreasing, conversion
level. This behaviour was also visible for P/H 804C where conversion dropped by almost
10 % between the first two sampling points. Thispdopresent in every reproduction of the
test (even those considered failed), so it is & e#f@ct inherent to this sample. It also
coincides with some changes in selectivity for shene samples, as will be discussed in the

section on catalyst selectivity (chapter 15.2).

While it is hard to find a definite explanation fthis effect, the two samples exhibiting the
activity drop do have several features in commdreyTboth show a hysteresis loop upon N
adsorption and desorption in addition to amorphmaserial being present in both samples.
FTIR also revealed two differences compared todifer samples, namely the presence of
Al-OH groups and a seemingly lower acid strengtantithe other samples. These AI-OH
groups may stem from extra-framework aluminiumdesihe zeolite cavities, which has been
previously linked to strong Lewis acidic s#€Y. Thus, it is tempting to ascribe the initially
higher conversion to strongly acidic sites thatatigate very fast. However, it should be
noted that no interaction of CO with strong Lewites was observed using FTIR, so this

explanation is not completely satisfactory.
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15.1.3 Variation of WHSV at 450 C
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Fig. 15.3: Conversion curves for varying WHSV by varying thiass of catalyst (left) and
varying the flow rate (right). Catalyst is P/L aH8V 0.93 i and 45C°C.

A series of experiments investigating the effectarying space velocity was performed. The
catalyst used was P/L and the temperature “45n all experiments. WHSV was lowered
both by increasing the mass of catalyst used armtkebgeasing the flow rate of methanol. The
effect of decreasing the space velocity on the emign of methanol is shown in figure 15.3,
from which it is evident that when space velocgydecreased the percentage of methanol
feed converted to products is increased. As thalystdoes not show any significant signs of
deactivation during any of the experiments, it & known whether the total conversion

capacity for methanol per gram catalyst is affeategny way.

It can also be observed that the manner in whietspiace velocity is varied is of importance,
as a higher percentage conversion is obtained wiwaasing the amount of catalyst used
than if the flow is reduced. A possible reasontfos is that some of the methanol bypasses
the catalyst bed when only 50 mg catalyst is utiags increasing the height of the catalyst
bed promotes the reaction more than reducing flile the reactor used here has been built
with a sufficiently large diameter to avoid inflienof the reactor walls on the flow pattern,
Dautzenberg® also recommends that the height of a catalystibeal laboratory reactor
should be much higher than 50 times the size ofcHtalyst particles. This is not at all the
case in the experiments performed in this work \@newvhen the catalyst is diluted with
guartz in a 1.5 ratio, the height of the bed idl sti50 times the particle size. It is also
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unknown if the quartz dilution has any effect dtal flow pattern as it does not seem to
affect selectivity or lifetime to any large extdaee appendix H). It should also be noted that
Dautzenberg® recommends use of high flow as good experimentattige. The 3.75

ml/min flow used to obtain a WHSV of 0.23 (figurb.3, right) can hardly be said to stand up

to this criterion.

15.1.4 Summary of catalyst activity and lifetime

Initial activity for methanol conversion of the spl@s appears to be governed primarily by
the acid site density of the samples, assumingndasi acid site density for SC as for B/L,
B/H and P/H. At 450C and WHSV 0.93 1, all samples except P/L convert between 80 and
90 percent of the methanol feed after 5 minutestagam, while P/L converts a bit more than
50 %. When the temperature is decreased at the BéH&V, the activity of all samples is
significantly reduced and a greater spread in @gtbecomes apparent. P/L now converts less
than 10 % of the methanol feed while B/L, P/H ar@ &®nvert between 60 and 30 %. As
space velocity is lowered, it is observed that Bdnverts more of the methanol feed to
products. Observed changes in conversion was larigen varying WHSV by increasing the

size of the catalyst bed rather than lowering tbe fate of methanol.

At 450°C and WHSV 0.93 1 the catalysts show very different rates of deation. While
P/L, SC and P/H show a slightly downward slopintivety, B/H show a long period of stable
conversion before deactivating and B/L deactivaggsdly from the beginning. The reason
for this has not been satisfactorily determined. 380 °C, none of the samples show
deactivation, but P/H and B/L both show an initthbp in activity between 5 and ~45
minutes. The reason for this is also uncertain,dafective structures might be part of the

answer.
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15.2 Product selectivities

15.2.1 At 450 C and WHSV 0.93 h-1
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Fig. 15.4: Selectivities vs. TOS for all five samples at #80) CX indicates hydrocarbons
with X carbon atoms. The C6-10 fraction containshbaliphatics and aromatics. PMB and

HMB are penta- and hexa- methylbenzene, respegtivel

Figure 15.4 shows selectivities plotted versus tonestream (TOS) for all samples. In line
with previous report&" %! C4 hydrocarbons (butenes and butanes) constiuge mounts
of the products, while larger compounds are alstedlin substantial amounts. However, the
C3 (propene and propane) fraction is the largasaliy in all samples except in P/L, whose
initial conversion level is much lower than theath When conversion is decreased for B/H,
B/L and SC, the selectivity towards C4 becomestgrahan the selectivity towards C3. The
C2 (ethene and ethane) selectivity is low for athples and the curve remains mostly stable
during the testing period, except for a drop irestVity after the first point in some of the
samples (especially in B/L and P/H). Methane seliggtis initially low for all samples
except P/L, and is seen to increase sharply axdtadysts deactivate and SC deactivated
down to below 10 % conversion has a higher thafo2€electivity to methane. It is tempting

to ascribe the methane formation to increased sldfu resistance caused by coking of the
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catalyst. However, the fact that P/L produces simdmounts of methane when fresh as SC
does when deactivated to ~50 % conversion indidhegswhile this might be a factor, it does

not appear to be dominant until severe deactivasisaached.

As is shown by figure 15.5 (next page), the prodiedectivities of the catalysts appear to
depend mostly on the level of conversion rathenthther factors. While there are small
differences in selectivities at the same conversgwels for the different catalysts, the same
trends are observed for all samples irrespectivéhef TOS and degree of deactivation. It
should also be noted that, as previously mentiottel PONA GC column was used for all

samples except SC. This then means that comparisihsSC should be performed with

caution. The observation from figure 15.5 corregjsowell with Janssens’ idea of envisioning
deactivation simply as the loss of active suffiteas deactivation does not appear to

influence selectivity to any large degree.

The trends observed for all catalysts was thaCthend C3 fraction together with penta- and
hexa- methylbenzene clearly grows with increasiogversion while the methane, C4, C5
and C6-10 fractions all diminish as conversion lgvacrease. It should be noted that the
ration between C4 and C5 selectivities does noeapio change upon changing conversion.
The hexamethylbenzene fraction is seen to showffereit trend for SC, but it is believed

that this is due to the GC column not being suitecelution of products this large, causing a
build-up when too many successive runs are perfdrraed not because of a real selectivity
difference (appendix G has more details on diffeesnand problems with the PONA and
PLOT-Q columns). The selectivity to hexamethylberezés the lowest of all samples before

the sudden increase, indicating a low sensitivatytfiis compound in the PLOT-Q column.
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Fig. 15.5: Plots of selectivity versus conversion level firpoduct fractions at 450 °C. The
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sample SC is assumed to be due to GC problemstésédor explanation) and was not

accounted for when the trend line was drawn.
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Aromatic products in all samples are dominated égt@- and hexa-methylbenzene, in line
with what has been reported by Yuen ét"eand Tapp et &°*°. The contents of the C6-10
fraction in figure 15.2 have not been identifiedmerly for tests performed with the PONA
column, but for SC (tested with the PLOT-Q coluntm@ fraction has been determined to
consist of ~5 times as much aliphatic as aromatduyurcts at short TOS (high conversion) and
increasing to more than ten times as much at lo®$ Tlow conversion). Toluene and
xylenes are present in marginally larger amounas ttri- and tetra-methylbenzenes, while
even smaller amounts of benzene and ethylbenzenalsw present. Testing of P/L on the
PLOT-Q column (not shown in previous figures) atsweal similar compositions of these
fractions. For both of these samples the total arthotiC6-10 aromatics is lower than either
of the penta- or hexa-methylbenzene fractions. 8 eanounts of polymethylnaphthalenes and
ethyl substituted benzenes are also found in thpks when effluent is analysed by GC-MS,

but they cannot be observed during normal testiregtd the lower sensitivity of the GC.

The composition of the C5 fraction has not beempenry identified, but it appears as if the
major fractions are isopentenes. Of these, the peadumably caused by 2-methyl-2-butene
becomes dominant at low conversion. The assignmémgeaks is based solely on mass
spectra of the compounds (from ex-situ GC-MS anmg)yand the boiling points of the C5
alkenes (that are related to the order of elutioBC analysis). The aliphatics in the C6-10
fraction consists of a multitude of small, unidéet, peaks. GC-MS analysis confirms the
presence of C6, C7 and C8 alkenes with MS spettnaost compounds giving best fits with
branched isomers. There also appears to be tragerasnof C7 and C8 dienes present. These
may possibly be precursors to aromatic species. cimepositions of the C2, C3 and C4
fractions, on the other hand, are known with cetjafor the samples analysed with the
PLOT-Q column (SC and P/L). This column is ableseparate ethane from ethene and
propane from propene, in addition to separatingbisiane from methanol (which was not
possible with the PONA column).

Figure 15.6 shows the compositions of the C4 fomstiat different conversion levels of
methanol for SC and P/L. The C4 fractions of bot &d P/L (analysed with PLOT-Q
column) are confirmed to consist mostly of butemne#y butanes accounting for less than 10
% of the fraction. While the iso- and 1-butene filats are not completely separated in the
GC, they are well enough separated to see thabusene is dominating at all conversion
levels, while the 1-butene peak usually appeardlsnthan the cis- and trans-2-butene peaks.
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The C4 fraction of SC (figure 15.4) reveals cleants, with the relative amount of 1/i-
butene decreasing with higher total conversion levtiie 2-butenes and iso-butane amounts
are increasing with higher conversion. The relaaweount of n-butane is very small at all

times, and does not change much with conversion.
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Fig. 15.6: The distribution of C4 species as a function déltanethanol conversion for SC

(left) and P/L (right). Note that the conversionga for P/L is much narrower than for SC.

For the distribution of the butenes only, the efuiim positions at three different
temperatures are given in table 15.1. It is obvifras this and from figure 15.4 that the
amount of 1/i-butene is significantly higher thdre tequilibrium value, especially at lower
conversion levels. As the amount of 1-butene iswkmdo be much lower than isobutene
(from partial separation by GC analysis), it sedikedy from the trends in figure 15.6 that i-

butene is closer to a primary product than thealirmitenes.

Table 15.1:Equilibrium distribution of butenes at differentriperatured®

Temperature (K) | 1-butene i-butene Sum 1+i-butene c-2-butenet-2-butene
600 7.5 54.6 62.1 14.4 23.4
700 10.8 49.2 60.0 15.8 24.2
800 14.0 44.9 58.9 16.6 24.5

For saturated molecules to form during methanolvemion over zeolites, a transfer of
hydrogen from another molecule is necessary. Hadd to the formation of a more saturated
molecule and one which is less saturated, i.e. ramatic compound. Hydrogen transfer
reactions, and the rate of these, are thus of grgairtance in methanol catalysis. To discuss

it, it is useful to define a hydrogen transfer indelT1), defined as follows$**?
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Sum of alkanes

HTT = Sum of alkenes + alkanes

This can then be calculated for different specieg.(C2, C3 or C4) to yield the ratio of
alkenes and alkanes, in addition to informationtbe amounts of aromatic compounds
produced. The C4 HTI of SC and P/L are shown inrggl5.7, where it can be seen that C4
HTI increases with higher conversion. For SC, thd starts at ~0.03 and increases slowly to
~0.04 at ~60 % conversion before increasing mopedha to 0.1 at 83 % conversion.
Curiously, even though P/L has a lower C4 HTI 0.18-

at its lowest conversion (~35 %) the HTI value g 6l
increases sharply after 40 % up to a maximumoais] = -
value of 0.16 at 48 % conversion, a significantly 912]

higher value than ever obtained for SC. This ®* :

|_
0,08
shows that even though the C4 HTI values are | ﬁ
0,06+
quite low at all times, there are variations betwee 1 o o5
0,0 © ago”

the samples. Also, it implies that the rate of oozggﬁmﬂ%ﬂ“wg@
=

hydrogen transfers is also affected by the degreeyoo .~
0 20 40 60 80 100

Conversion (%)

of deactivation as both samples show a steep
decrease in HTI at the start of their lifetime and Fig. 15.7:C4 HTI, plotted as a function of

more stable HTI value at longer TOS. conversion for samples SC and P/L

The amount of propane formed for both samples iig kv throughout the entire time they

were tested, with C3 HTI values smaller than 0.04llaconversion levels for SC and too low
to measure at all for P/L. While hard to measuigeately as the C2 fractions are very small,
the C2 HTI value is found to show the oppositedrehthe C4 HTI for SC. The value is quite

high when conversion is less than 25 %, reachidyad.the lowest conversion, while it

decreases from ~0.06 to ~0.02 in the conversioga@5-83 %.
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15.2.2 At 350 C and WHSV 0.93 h-1
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Fig. 15.8: Product selectivities as a function of time oreain for all catalysts studied at 350

°C and WHSV 0.93. All samples were measured witHRrb®T-Q system.

When the temperature is decreased to @t the same space velocity, the selectivities are
seen to change a little compared to the higher ¢eatpre of 450C. As can be seen from
figure 15.8, selectivity towards C4 is very dominander these conditions. The selectivity
towards hexamethylbenzene is also seen to be éggecially for P/H and B/L. In addition,
methane selectivity is practically less than 1 % dth samples throughout the experiments,
which is significantly lower than at 45€. It is again noted that the C4 to C5 ratio, altjio
higher than at 450 °C, is relatively stable whemparing all samples and at all conversions.
These experiments have been performed on the PL@®H@nn, meaning that comparisons
to the results at higher temperature are not naggsstraightforward, but in figure 15.9

comparisons of selectivities at the same percertageersion of methanol are attempted.
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Fig. 15.9: Selectivities towards all product fractions at 38D plotted as a function of total
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When comparing the measured selectivities at 35With the approximate trend lines for
selectivity versus conversion at 48C (from figure 15.5), two striking differences are
observed. Firstly, the selectivity towards metheneuch lower at 350C than at 450C and
secondly, the selectivity to hexamethylbenzenegsificantly higher at conversion above 10
%. Even though the PLOT-Q column has problems airajyhexamethylbenzene, the amount
eluted has previously been found to be smaller thanactual content in effluent and not

larger (at least for experiments not run over saveays).

While these two differences are clear enough talcaie that it is not simply an effect of the
different GC column from that used at 48D, other smaller differences also exist from the
experiments at 458C. For example, the C4 and C2 selectivity plotsaabit different. For C2
undue attention should not be paid to the fact slkeégctivity is somewhat higher than at 450
°C as the PONA column distinguishes poorly betwe&éna@d C2. While this is true for the
methane fraction as well, the differences in methaelectivity with temperature are large
enough to be assumed significant. What is intergswith the C2 fraction, however, is the
fact that all samples except SC show a decreasel@ttivity with time on stream which is
steeper than the trend line from the #80experiments. The opposite trend, a steep increase
in selectivity with time on stream, is also visilite C4. It is also interesting to note that these

trends are not observed in sample SC.

The selectivity to pentamethylbenzene also appeabst higher than at 450C, and the
selectivity towards lower aromatics in SC (not shpvs also found to be higher at the lower
temperature (1.7 % and 1 % selectivity at 460and 350 C, respectively). As the selectivity
towards hexamethylbenzene is also higher, it agpsafe to conclude that formation of
aromatics is more favoured at the lower temperaflines may be explained by the fact that
formation of aromatics becomes thermodynamicallyariavourable when the temperature is
lowered. It should also at this point be noted thatselectivity towards hexamethylbenzene
as a function of conversion has been lower for &@ntfor the other samples at both
temperatures (if only considering the time befdre abnormal values found towards the end

of the 450°C experiment).

As formation of aromatics is greater at this terapge, it is also expected that HTI values are
higher. For the C2 and C3 HTI this is not obsentad, a plot of the internal distribution of
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C4 species (figure 15.10) reveals clear differerfom® what was observed at 430 (recall
figure 15.6). At 450C, the selectivity to both i- and n- butane wa®beB % of the total C4
fraction for both P/L and SC, except above 70 %veosion where (for SC) the relative
amount of i-butane increased sharply to ~8 % awvemsion increased to 83 % (the highest
measured for the sample). At 390, i-butane constitutes ~4 % of the total C4 fiactat 10

% total conversion, rising to ~10 % at 30 % conierand rising all the way to nearly 50 %

when conversion is 63 %. Curiously, the selectitaty — butane is zero in all samples.

i o 1/i-butene & t-2-Butene o c-2-Butene o i-Butane < n-Butane
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j Ty, .
_5 70+ PO o
g
£ g P/L SC B/L .
8 - mj%jjﬂjmu E s °
© ® 2 °
< 30 ™ :
10 —, § ) o556 6 6 g
o “ T T .s “f T — T T
0 10 20 30 40 50 60

Conversion (%)
Fig. 15.10: Internal distribution of C4 species at 3%50. The dashed lines divide analysis

points for different samples.

Figure 15.10 is a composite of selectivity poirtts a .
differing times on stream for three samples

s === SC450°C
assembled to observe a trend over a larger rangé# ¢ 5 SC350°C
] s BIL350°C
of conversion levels. This means that it cannot be v P/H350°C
_ 0,3 o P/L350°C

ruled out that difference between the samples or | v

E v

due to varying degree of deactivation also factdrg 2. J
into the differences in the composition of the C4 j
o

. , 0,1
fraction. However, the good correlations between

selectivities and methanol conversion found00 N
"o 20 40 60 80  10(

_ _ _ Conversion (%)
regardless of degree of deactivation or time ONnfgjg. 1511: C4 HTI as a function «

between the samples throughout this work,

stream, provides strength to the extrapolation. Inconversion for all samples at 35C. The

addition P/H (which has not been plotted to dasheotted line, representing the C4 HTI

conserve the clarity of the figure) bridges the gap SC & 450C, is included for comparison.
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between SC and B/L very nicely, overlapping witk tlisplayed points of both at either end
of its conversion range. The increased alkane foomaat 350°C compared to at 458C,
shown in figure 15.11, fits very nicely with thesglsved increase in selectivity to aromatics at
the lower temperature. These facts can be takavidence that hydrogen transfer reactions
are favoured at the lower temperature. It is aléeresting to note that the ratio of branched to
linear C4 remains the same throughout the availableversion range, indicating that i -
butane is formed nearly exclusively from i - butene

15.2.3 Selectivities when space velocity is varied at 450 C
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Fig. 15.12: Selectivity as a function of time on stream whka space velocity is varied at
450°C. W signifies a change in catalyst mass, whiléghifies a variation in flow rate varied.
The catalyst is P/L, but selectivities of the WHS\0.93 are slightly different those shown

earlier as all experiments shown here were perfdrastng the PLOT-Q column.

When the space velocity was decreased, the cooversireased (as found in chapter 15.1.3).
It also increased somewhat more when the catalgsswas increased than when flow rate
was decreased. Selectivities for these experimeitiissample P/L are shown in figure 15.12.
Trends found under these conditions are not veifgerdnt from those found for catalysts at
the same conversion levels at #&8Dand WHSV 0.93 . However, the selectivities change a

bit more than expected (based on change in cormrgrduring the first hours on stream.
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Figure 15.13 compares the selectivity towards bfié product fractions with the trends
found earlier at 450C (chapter 15.2.1). The selectivity trends seemtstly be the same
when higher conversion is achieved through a deeréa WHSV as those observed when
catalysts of different acid site densities or diéfet degree of deactivation were compared.
Many of the small differences observed can be lasdrio the difference in GC column. A
look at figure 15.5 will reveal that the points®€ (the only sample in that figure measured
with PLOT-Q) is placed on the same side of thedr@me as the points in figure 15.13 for all
fractions except C3. This means that although ipassible that more C4, C5 and C6-7
aliphatics is produced at lower space velocityhat ¢ost of less C2 and C3, undue attention
should not be paid from these deviations from #staldished trends. The aromatics of the C6-
10 fraction and the selectivity to pentamethylberzeorrespond very well with that observed
for SC at WHSV 0.93 ' at all degrees of deactivation, so the small d®na in the
selectivity to hexamethylbenzene is attributedhi® poor quantification of this compound in

the GC with the PLOT-Q column.

A look at the distribution of C4 species versus ,,
total conversion also appears very similar to that o2} 5 4\
observed for SC throughout its conversion range "'°| * 0.47F -
(recall figure 15.6). As expected from this, the C4 ZE ggg\é\/
HTI, plotted in figure 15.14 is quite similar toath = oo~ SC0.93
found for SC throughout the whole range the ° . /;g
latter’'s whole range of deactivation. The main o . /

difference is that each experiment varies more ooz} °

than expected due to their short range of *“5 3 ~ 2 & B oo

Conversion (%)

conversion levels. It is also observed that the HTI

increases to an even higher level when conversiorfig- 15.14: C4 HTI as a function ¢
. conversion forP/L at different WHSV. V
increases to more than what has been observed for

and F is for changed sample weight or 1
SC. rate, respectively. The dasdlotted line
representing the C4 HTI of SC at WH

0.93, is included for comparison.
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While a lot of the observed trends may be the sairether a given conversion is reached by
changing the space velocity, the sample or theedegf deactivation, the plots in this section
also strongly imply that the time spent on streanalso of some importance. While it has
been pointed out briefly before (especially for Bhd P/H), figure 15.13 shows quite clearly
that change in C2 selectivity is greater than ttend line during the beginning of the
experiments, while flattening out at longer timestream. To a smaller degree, the opposite
trend is also witnessed for the C4 fraction. Thd BI$o changes quite drastically for some of

the samples during the first hours of testing, @aeegsed by figure 15.14.

15.2.4 Selectivities at low conversion

In order to gain a possible insight into what prciduare closest to primary products, an
attempt to extrapolate the observed trends dowreto conversion was made. A series of
experiments were thus performed where the aim wh®wang as low conversion as possible.
This was accomplished by increasing the flow rdtmethanol fed over catalyst sample SC at
a temperature of 38CQ. Table 15.2 displays the total percentage comveisf methanol and

the selectivities observed at WHSV 0.93, 2.49 a8@ 4" after 5 minutes on stream. For the
two latter space velocities, conversion and seliiets were also checked after 2 and 10

minutes, but the results were hardly discernitenfthose found after 5 minutes.

Table 15.2:Conversion and selectivities of sample SC at WH3, 2.49 and 4.98(top to
bottom). The C6 + fraction contains only aliphatiadile the aromatics previously considered

part of the C6-10 fraction have now been placeal separate fraction called lower aromatics.

Conversion Lower Penta Hexa
(%) Cl C2 C3 C4= C4- C5 C6+ ) matics -MB -MB
30,2 0,2 20 17,7 451 50 14,4 8,5 1,7 1,8 3,6
10,7 0,4 1,9 13,3 53,6 2,7 16,6 7,6 2,0 0,6 1,2
3,9 1,1 15 104 57,1 2,2 17,4 7,1 0,7 0,0 2,6

What is clearly evident from table 15.2 is thattas conversion is decreased, the ratio of C4
to C3 increases sharply. This is in line with tfemts observed earlier both at 350 °C and 450
°C, but it should be noted that the selectivity @8 decreases too little to assume an
extrapolation to zero at lower conversion. It skowalso be added that at the lowest
conversion, isobutene constitutes nearly 80 % ef@H fraction. Further, it can be seen that
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the C5 fraction increases when conversion is deedkaalso in line with earlier observed
trends at both temperatures. It should be notibatl the ratio of C4 to C5 remains more or

less constant during the observed changes in csiover

Apart from this a number of smaller trends arecemtj such as an increase in selectivity to C1
and a decreasing selectivity to C2 and all aromatiith decreasing conversion. These trends
are all in line with previous observations. C4 H3lalso seen to decrease with decreasing
conversion. The values for penta- and hexa- me¢imgbne in table 15.2 are not necessarily
trustworthy at the lowest conversions, but a cteagrease has occurred between 30 % and 10
% conversion. The observed decrease in both CadHaawver aromatics as space velocity is

increased goes counter to the trend line of C64d@qu in figure 15.5, but this trend was

never very clear in any of the previous plots, aspecially not at 350 °C.

15.2.5 Comparison of selectivities with other large pore zeotypes

When comparing the selectivity of the H-SAPO-5 gddhere with other zeolitic materials,
the most logical structures to look at are H-Betd Bl-Mordenite, as they have similar pore
dimensions to SAPO-5. However, as both structuresiéicoaluminates, their acidic strength
is expected to be higher than that of H-SAPO-5. EMVimmparing H-SAPO-5 to
aluminosilicates with similar structures, it is piide that selectivity differences are caused by
the difference in acid strength. The structure eBéta (recall figure 3.1) consists of a three
dimensional network of slightly elliptic large 1B channels (7.7 x 6.6'®) in addition to
somewhat smaller 12-rings (5.6 X 5.53]}& Mordenite has somewhat smaller one dimensional

12-ring channels (7 x 6.53) with very narrow 8-rings connecting the 12-rifigaonels.

For both of these zeolites C3 and C4 compoundstitateslarge fractions of the methanol
converted when acid site densities and conditisascamparable to the H-SAPO-5 samples
tested in this work (see [165] for H-Mordenite s#iMdties and [142, 161, 165] for H-Beta).
Both catalysts are also reported to produce rabtilarge amounts of C5 + and aromatics
together with meagre yields of C1 and C2. A simpaoduct distribution has also been
reported by Salehirad and AnderS8# for H-ZSM-12, which has even narrower 12-rings
than mordenite. It has also been reported by ¥{ethat H-SSZ-24 (AFI structure) has
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virtually identical selectivities to H-SAPO-5, buinfortunately they have published few

details.

Some of the trends in selectivity found here foiSAPO-5 are also reported for these
catalysts. For example, an increase in temperdaa@s to an increase in methane and a
decrease in C4 HTI and aromatics over both H-o,

Mordenite and H-Bet¥? %1 However, of the three .

B H-BETA
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similar structure to AFI that has been thoroughlytested by Bjergéi? and H-SAPCE

studied) nevertheless reveals some interestingl smgpmples from this work. The comparis
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15.15. In addition to H-Beta’s higher selectivity compared to P/L instead of SC.
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toward C3 and C5+ and lower selectivity toward C2,and C4, it appears that H-Beta also
produces more butane and aromatics (and thus higer HTI index). These differences are
visible at most comparable conditions. The H-Betdig used for comparisons in figure 15.15
are performed with catalysts of lower acid sitegigrthan the H-SAPO-5 samples and higher
space velocity than used in this work. However, sbkectivity to butane and aromatics are
reported to increase both with decreasing spaazigland increasing acid site denSit,

so larger differences are expected at more sirodaditions.

While the increased selectivity to aromatics canekplained with reference to the larger
space available in the channel intersections ofetkBit might also be explained by the
difference in acid strength. A relation betweendb& strength and the occurrence of hydride
transfer reactions has been suggested by Yuei @t lal addition, it has also been reported
by Hazari et a°” and Bercaw et &**’” that in a homogenous system of methanol
conversion, the more strongly acidicdrchtalyses hydride transfer reactions more effigyen
than Znp. While this is an interesting hypothesis, theugefice of the framework cannot be
ruled out when comparing H-Beta to H-SAPO-5. A stod the selectivities of isostructural
catalysts of differing acid strength such as H-SA»@&nd H-SSZ-24 might provide valuable
insights.

15.2.6 Summary of selectivities and hints to reaction mechanism

At the conditions employed, the major products etmanol conversion over H-SAPO-5 are
C3-C5 alkenes. The remainder of the product spectcomprises methane, ethane and
alkenes larger than five carbon atoms in additmarbmatics and alkanes. Penta- and hexa-
methylbenzenes are most prominent among the arcenfasiction. It is also evident that the
C4 alkenes formed are not in equilibrium and, esflgcat low conversion, the dominant
isomer is isobutene. Overall, the products fromNieH reaction over H-SAPO-5 are similar
to those reported for other 12-ring zeolite catislyand especially to those of zeolite H-Beta.
The main differences in selectivity from H-Beta #nat H-SAPO-5 produces less aromatics
and alkanes and that a higher amount of C4 hydooocar are produced relative to C3.
Observed selectivities throughout this work appeany insensitive to acid site densities,

space velocity or to the degree of deactivatiorthef catalyst, although they are seen to
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change when the temperature is changed. Thus, fapartemperature, they appear to depend

mainly on the percentage conversion of methanthiatgiven time.

A distinct tendency for the product selectivitieschange during the first hour on stream was
found in some of the tested catalyst samples. fticodar the selectivity to C2, C4 and the
HTI value was observed to undergo rapid changebdarbeginning of an experiment. While
there is no easy explanation for this phenomenoseems likely that a change in reaction
mechanism takes place during this time. This effeetms especially pronounced in catalysts
B/L and P/H, in which it can possibly also be lidk® the change in percentage conversion
observed during the same period. On the other Ha@dshows little or no indication of these
initial changes. From this it would be natural ittklthe effects to the amounts of defects in
the samples since FTIR reveals that while all ofzenples possess OH groups not related to
Brgnsted sites created by substitution of Si fo8€,has few or no such OH groups. B/L and
P/H on the other hand, show higher amounts of P-8HOH and AI-OH groups than the
others. The presence of acidic sites of either kewiBrgnsted type possessing a greater acid
strength than the bridging OH groups might exptam observed initial selectivity change as
these may catalyse hydrogen transfers efficiertiyt, deactivate fast. However, from CO
adsorption measurements, OH groups other than SADIdund appeared weak and would
thus be assumed catalytically inactive. This desgedhe likelihood of strong acid sites as the
explanation, but it is also possible that they@esent in amounts too small to observe from

the relatively poor FTIR data obtained in this work

The most prominent trends in selectivities of mathhaonversion over H-SAPO-5 are those
shown by the C3, C4 and C5 species. Increasinganetitonversion causes an increase in
the selectivity towards C3 to increase and a deer@athe selectivity to the C4 fraction at all
conditions studied. Relative amounts of C3 and @drdcarbons produced at a given
methanol conversion does not change significanthemnwconditions are changed. The C5
fraction also follows the same trend as the C4tifvac and the ratio C4/C5 appears nearly
independent of the degree of methanol conversidrallonditions studied so far only the
temperature appears to affect this ratio, givingigher relative selectivity to C4 at 350 °C
than at 450 °C. In addition to this, the selecyitd aromatics (in particular penta- and hexa-
methylbenzene) increases with higher conversioricimmag an observed increase in alkane

formation. Both the selectivity to aromatics and tiTI value is significantly higher at 350
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°C than at 450 °C. Methane formation is significaht450°C, while at 350°C it is much
lower. At both temperatures, methane selectivityreases with decreasing conversion. The
trends in selectivities toward the C2 and C6-1@tioas are not very clear, but a decrease in

selectivity to C2 has been observed when decreasingersion.

As for mechanistic insight, this is limited from lprnthe data obtained so far. From the
similarity in selectivity with H-Beta, it would beatural to assume that the mechanisms of
olefin formation are similar as well. Previous macistic studies on H-Beta conclude that
methylbenzenes are key intermediates in a hydrooagwol mechanism (see e.g. [56, 64,
76]). However, it is possible that the lower amoahmethylbenzenes present in H-SAPO-5
will decrease their importance as intermediatese Tdwer selectivity to aromatics in H-
SAPO-5 could be related to a decreased abilityetbopm intermolecular hydrogen transfers
in the less acidic SAPO catalyst. One observatibat tis hard to reconcile with a
methylbenzene-based hydrocarbon pool mechanisheistability of the C5/C4 ratio during
changes in methanol conversion. While methylatibrbutenes to yield pentenes has been
reported as a plausible reaction over zeolitesndumethanol conversion by Svelle fZal
1" a sequence where isobutene is produced from ithetigenes and subsequently
methylated should lead to lower C5 selectivityatiér conversion since butene would then
be closer to a primary product than pentene. A rfittreg explanation for the stable ratio is
that both isobutene and pentene is formed fromnanoon precursor, which would mean that
the ratio of the two species would depend onlylmirtrelative rates of formation from this
precursor. Neither the paring reaction nor the gglic methylation (the two most common
explanations for elimination of olefins from methghzendd) accounts for production of
pentenes. Thus, formation of both isobutene andepes directly from a common precursor

would most likely proceed through cracking of al@galkene.
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15.3 Reactivity of aromatics retained in the catalyst

15.3.1 Flushing studies

Flushing experiments similar to those performedAbstad and Kolbde® on SAPO-34 and
Bleken et d[” on both H-SAPO-34 and its zeolite analogue H-SSZxhs performed on

samples P/L and SC. The aim of the experimentstwaetermine the relative reactivity of

methylbenzenes in H-SAPO-5. This was done by comgathe composition of retained

hydrocarbons in a sample exposed to methanol fomRutes to that of a sample left at

reaction temperature in a stream of inert gas fdnolr after 20 minutes of methanol

exposure. Experiments were performed at 350 °CvdH&V 0.47 K and the composition of

the effluent was analysed, and confirmed equatr 4% minutes to ensure reproducibility.

Intensity (a.u.)
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Fig. 15.16: Composition of the retained hydrocarbons in saniple after exposure to

methanol for 20 minutes (top) and after flushinghwile for 1 hour after methanol exposure

(bottom). GClg is an internal standard while dibutyl phenol appda be an impurity in the

HF used. The peak eluted after 20.8 minutes (n¥Z3 is also assumed an impurity. Isomeric

identities of the compounds are not known.

Results for sample P/L (figure 15.16) reveal thHa& tnajor components of the retained

hydrocarbons are methylbenzenes and methylnaphesld=specially tetra-, penta-, hexa-,

and tri- methylbenzenes are prominent in the chtograms, but it is also worthy of note that

a small fraction of propyl substituted compounds jaresent. When the catalyst was flushed
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for 1 hour with helium it could be seen that thacfron of penta- and hexa- methylbenzene
decreased together with the propyl substituted @m@s. The toluene, xylene,
trimethylbenzene and methylnaphthalene fractions, the other hand, increased.
Tetramethylbenzene fractions remain relatively amgfed, possibly increasing a little. A
decrease in the intensity of the higher methylbeageduring flushing was interpreted by
Arstad and Kolboe as decomposition into light atiemnd lower methylbenzefés Thus,
the instability of penta- and hexa- methylbenzeimesl-SAPO-5 during flushing indicates
that they are active for olefin formation. Whileetlpropyl substituted compounds are also
unstable, it is uncertain whether they are reacimermediates or if they are formed from

reactions between propene and aromatics.

C,Clg standard W Di-butyl-phenol from HF

ﬁ( Ii 20 min

20 min +

~ P 1h flushing

Intensity (a.u.)

|
10 15
Retention time (min)
Fig. 15.17:Composition of the retained hydrocarbons in sar@fleafter exposure to methanol
for 20 minutes (top) and after flushing with He fothour after methanol exposure (bottom).

C.Clg is an internal standard while dibutyl phenol appea be an impurity in the HF used.

The isomeric distributions of compounds are notvkmo

Figure 15.17 displays the chromatograms from idah&xperiments with sample SC, which
is known to be more active for methanol converdltan P/L. This is also evident from the
fact that the amount of retained hydrocarbons ighéi in the former sample, easily
observable both from the colour of the &My extract and the higher intensity of the
hydrocarbon peaks by GC-MS. While the compositibitsoretained hydrocarbons after 20

minutes is similar to that of P/L, significantlyegter amounts of methylnaphthalenes are
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observed. As the catalyst is flushed with inert,gde amount of propyl substituted
compounds together with hexa- and penta- methydienzare seen to decrease. Just as
observed for P/L, the decrease in these compoundsdompanied by an increase in lower
methylbenzenes and methylnaphthalenes. Howevehyipeenanthrenes are also visible in
the extracts from SC and, also unlike P/L, theatathylbenzene fraction has decreased after

flushing.

Together, the results from the two samples stronglggest that penta- and hexa-
methylbenzenes are active for olefin formation. ldwer, while the results from H-SAPO-34
of Bleken et % indicated that tetramethylbenzenes are not acsiveh a conclusion is hard
to draw for H-SAPO-5. Even though no decrease iasemwed after flushing for P/L, a clear
decrease is observed in SC. It is possible thalother methylbenzenes are flushed out of the
catalyst channels when flushing, as their diffugegi would be greater than for the larger
compounds. However, if this is the cause of theteeéthylbenzene decrease it should also be
visible in P/L, as diffusivity for TPA in the lattesample is known to be higher than in SC
(recall chapter 11.3). IR results of the two sam@kso indicate similar acid strength, so the
ability to protonate should be the same in both@as and thus a difference in reactive
hydrocarbon pool compounds is not expected. Whatéeereason for the difference between
the two samples, the fact remains that it cannot demcluded whether or not

tetramethylbenzene is active for product formatiorl-SAPO-5.

A few other interesting observations from the finghexperiments also include the fact that
neither penta- nor hexa- methylbenzene disappeargpletely after flushing for one hour.

This indicates a relatively low overall reactivinf the methylbenzenes in the catalysts
compared to H-SAPO-34 results by Arstad and KdBpewhere hexamethylbenzene
disappeared after only a few minutes. As the amaifinnethylnaphthalenes was seen to
increase with flushing, it is also likely that aysificant amount of the methylbenzenes form
naphthalenes rather than eliminate olefins. Thepyfsubstituted aromatics are more
unstable during flushing and are completely gorieraf hour. As they appear in relatively
large amounts, it would be of interest to find odtether they are reaction intermediates or

simply products of back-reactions with propene.
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15.3.2 Switching studies

By following the incorporation of*C atoms after a switch froffC to **C methanol, it is
possible to assess the reactivity of the molecal@sfined in the catalyst. This type of
experiments led to the discovery by Bjargen &t &f! that olefins are mostly generated by an
alkene- based cycle during methanol conversion 4SHNI-5. When applied to H-SAPO-5,
sample SC was exposed to unlabelled methanol at°@5QWHSV was 0.47 1) for 18
minutes before switching to a feed’d€ labelled methanol. The incorporation'8€ into the
olefin products and the retained aromatics was #relysed after 0.5, 1 and 2 minutes after

the switch.

Figure 15.18 shows the content™€ in the major

100+ Effluent
light alkene products and the aromatics retained ingg] —®— Ethene
] —0O— propene
the catalyst as a function of the time after swiigh 8o —e— i-butene

to labelled feed. From this figure, it is evidehat 70-:

%)

the incorporation of°C is faster in the effluent thanZ ]

—O— i-pentene

Coke

. . g 50 —A— Toluene
in the retained methylbenzenes (ang ] —A— Xylene

] —w— TriMB
methylnaphthalenes). ~ Although  not  showg o] o TetraMB
incorporation of **C into dimethyl ether was —4— PentaMB

] —O— HexaMB
observed to occur slightly faster than for isobaten ;] —p— TetraMN

If figure 15.18 is compared to the results of simil o]

0,5 1,0 15 2,0

. _ , 76] .
experiments for H-Bet# ® differences are clearly Time after “C Switch (min)

observable. While the rate &fC incorporation in _ ) _
Fig. 15.18: The evolution of*°C content il
H-Beta is similar in the olefin products and re&ain

both the effluent and retained aromatidsh
aromatics, figure 15.18 reveals that thetime after switch to labelled feed.
incorporation into aromatics is significantly slawe

than that of the olefin products in H-SAPO-5. THeserved incorporation dfC and high
degree of scrambling in the aromatics indicate tinvay are active for olefin formation and not
simply spectator species. However, the slower pm@tion into the aromatics compared to
the olefinic products provides a strong indicatibat a reaction path to olefins not involving
methylbenzenes as intermediates also exists. llogynavith the conclusions of Bjgrgen et
al™ for H-ZSM-5, it appears likely that the dual cyclencept applies to H-SAPO-5 as well,
which would mean that olefins can be formed eitharan alkene cycle based on methylation

and cracking reactions or from methylbenzene in¢gliates.
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Incorporation rates of labelled carbons can alsedmn from figure 15.18 to be faster for the
highly methylated benzenes than for the less dubsti. This suggests that the higher
methylbenzenes such as penta- and hexa- methyibeaze the most reactive of the retained
aromatics. Such an order of reactivities correspgalll with the results from flushing studies
(chapter 15.3.1) and also with previous resultsnfid-SAPO-34 by Arstad and Kolbg&.
Tetramethylnaphtalene also shows some incorporatidiC with time, but whether this is
due to it being reactive in itself or if it is sitgpformed from higher methylbenzenes with

labelled carbons is not known.

The difference in incorporation rate between allsenehe effluent is difficult to explain. It is
possible that aromatic intermediates are respanéiola larger fraction of the ethene formed
than for propenes and butenes, giving a slowerrpwation of**C in the former. Pentene
formation from methylbenzene intermediates, ondtieer hand, appears unlikely as neither
of the proposed mechanisms for elimination of alleefrom methylbenzenes leads to a C5
alkene. A satisfactory explanation for the sloweroirporation ofC into isopentene has not
been found, but it is possible that the rate dudibn comes into play. As the catalyst crystals
used are relatively large, the lower diffusivity péntene compared to butene may cause a

delay in its elution from the zeolitic channels.

15.4 Co-feeding of benzene and methanol

15.4.1 Hydrocarbons retained in the catalyst

A series of experiments were performed in whichhaebl and benzene were co-fed over
catalyst sample P/L at temperatures between 2303&°C. WHSV of benzene and
methanol were 1.6 hand 4 H' respectively, giving a molar ratio of methanobenzene feed
of 6.2. These space velocities were chosen in d@ampt to form predominately
hexamethylbenzene inside the catalyst. Olefins \wevduced at all temperatures under these

conditions, and the composition of the effluendiscussed in the next section.

137



Figure 15.19 shows the chromatograms of the@H _
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result of an overlap between several species. TIBd Matabase suggests both diethyl- and
isobutyl- benzene, but neither the exact naturetmerelative amounts of compounds in this
elution peak were determined. Adamantanes, in qudati trimethyladamantanes, were also
present in the extracts during co-feeding. Adamantpecies have also been reported during
methanol conversion over H-SAPO-34 by Bldk&hat low temperatures, but their role in the

reaction was not elucidated.

When comparing the retained hydrocarbons found hbera similar series of co-feeding
experiments over H-Beta performed by Bjergen étala number of differences are
immediately evident. Where Bjgrgen et al found ansition from almost exclusively
hexamethylbenzene and 1,2,3,3,4,5-hexamethyl-6yieste-1,4-cyclohexadiene (HMMC) at
low temperatures to a mixture of higher methylb@ezeand methylnaphthalenes at higher
temperatures, these results from H-SAPO-5 show ehnoader spectrum of compounds.
Especially the fact that HMMC is not observed atimlH-SAPO-5 is interesting and may
mean that the heptamethylbenzenium cation is namnpsrtant in this catalyst as in H-Beta
(HMMC being the conjugate base of the heptametmgbrium cation). It is possible that this
IS a space issue, as the lack of channel intecsectn the AFI structure means there is less
available space than in H-Beta. In addition, thedoacid strength of H-SAPO-5 may lead to
slower methylation reactions than in H-Beta. Metlaylhthalenes are formed at very low
temperatures in H-SAPO-5 compared to H-Beta, pbssiidicating that they are more
important as reaction intermediates in H-SAPO-ZerkN this is not the case, their formation
must be much more favoured in the latter catali/eese relatively large differences in the
retained material imply that reaction mechanisms4{8APO-5 may be different from that of
H-Beta. When considering the differences in thigkmoompared to that of Bjgrgen for H-
Beta, it should be noted that the total conversiorBjgrgen’s® experiments was much
higher, especially at the higher temperatures.

15.4.2 Effluent analysis

In conjunction with studies of the retained mateaider co-feeding of methanol and benzene
(at WHSV 4 R and 1.6 H respectively), the effluent composition was alsalgsed. Gas
sampling and analysis by GC was performed afte#55and 85 minutes on stream at all

temperatures investigated. For the effluent, thesgeratures were: 230, 250, 270, 285, 300,
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315, 330 and 350 °Gelectivties from all experiments are included in appe J, while only

the differences from what has been previously obserwdith only methanol feed ai

discussed here.
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Fig. 15.20: Plots of total conversio (a) and selectivity to aromatics (bjter 5 minutes o
stream,as a function of reaction temperature. An Arrherplet based on the assumption t

the only reaction taking place is methylation ofbene is shown in (¢

As is shownin figure 15.20a, the conversi after five minutes(calculated by treatin
methanol, dimethyl ether and benzene as reactaigv under the conditions employ
here. It can also bebserve to increase with temperatur®roducts consi mostly of
aromdic species, as shown by the plot of selectivitatomatics after 5 minutes on strean
figure 15.20b. The internal distribution varies swhat with time on stream and temperat
but toluene is the dominaaromatic speciesat nearly all conditions. Although quantitati
analysis of the distribution of other aromaticslii§icult at low conversion, the selectivities
penta - and hexamethylbenzenes are generally higher tlother methylbenzenes (exce
toluene). This idikely due to the fact that methylation becomesgpessively easier ehe
number ofmethyl groups on the benzene ring incre™”®. Diphenylmethan (not seen

during conversion of methanol alo is also eluteat the lower temperatur:

If it is assumed that the only reaction tal place during the céeeding experiments

methylation of benzene, it is possible to calcultite apparent activation energy for
reaction. Even though this assumption is rorrect, the value obtained can still provide
approximate value for the reaction. Figure 15.2mws an Arrhenius plot where the react

is treated as first order. From this, the appaaetitation energy is found to be ~88 kJ /mo
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is of interest to see that this is close to 30rkdl/higher than the value found for the same
reaction in H-Betd’*. The higher activation energy is likely due to tbwer acid strength of
H-SAPO-5, and this might in turn lead to other nasthtic differences in hydrocarbon

formation over the two catalysts.

When co-feeding methanol and benzene, productioaliphatics occurs even at 230 °C,
which is noteworthy as no products were observednamethanol alone was fed over SC at
300 °C. While feed rates were different for the t@geriments, this still indicates that the
presence of aromatics has an initiating functiontib@ formation of hydrocarbons. The
distribution of aliphatics in the products is fgidimilar to what has been observed during
reactions of methanol only, with isobutene as tlistnabundant species. However, as shown
in figure 15.21, the addition of benzene to thedféas shifted the distribution somewhat
towards lighter species. The comparison in therégs made at similar conversion levels and
the same temperature, but the space velocities avéegent. The larger amount of aromatics
present in the catalyst when co-feeding benzenddnamiexpected to increase the importance
of the methylbenzene cycle relative to the alkeywecin a dual cycle mechanism. Thus, the
increased selectivity to C2 and C3 relative to Gd#irdy co-reaction with benzene may
indicate that formation of the former two proceeasinly via methylbenzene intermediates,
while formation of C4 does not. As Svelle ef%lhas found that lower methylbenzenes
produce lighter olefins than higher methylbenzettesre is also the possibility that the higher
amount of toluene and xylenes present during cotiga experiments causes the observed
shift in selectivities. However, the fact that erand hexa- methylbenzene was present even
at the lowest temperatures, and has been showe tmuzh more reactive than the lower
methylbenzenes, decreases the likelihood of this.

7CH
Il Benzene + methanol feed

1 3 Methanol feed only

% of aliphatics

C5 C6+
Fig. 15.21:Comparison of the relative selectivity of diffetigrsized aliphatics when methanol

604

504

40-

30—-

20—-

Lo hlr
C1 C2 C3 Cc4

is fed alone (grey) and when methanol and benzeoe-ireacted (black) at 350 °C.
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Even if the selectivities were not identical duringnzene and methanol co- reaction to what
was observed when methanol is reacted alone, thee daends were observed when
selectivity is plotted as a function of conversidhis means that, similarly to what was found
in chapter 15.2, the selectivity to C2 increasadhdlly with higher conversion, while the
selectivity to methane was highest at lower corigarsThe ratio between C4 and C5 was
hardly affected by changes in conditions duringfemding experiments, just as was found
during methanol conversion. Curiously, the ratiocsv@wer in co-feeding experiments than
when only methanol is fed, meaning that more C5 prasluced when benzene is present in

the feed. The C5 species produced were still préammiy isopentenes.

230°C 250°C 270°C
(5min) (5min) (5min)

% of aliphatic products

Conversion (%)
Fig. 15.22: Amount of C3 and C4 species formed during co-fegdif methanol and benzene,

plotted as a function of the total conversion ahb®actants.

Figure 15.22 reveals that the C3 and C4 formatiea fllows the same trends as observed
during methanol conversion, namely that the formereased while the latter decreased with
rising conversion. The shapes of the curves migamh other closely, which may indicate a
mechanistic link between the formations of thesecss. While the shape of the curves
would lead to the assumption that C4 is formed teef@3 (as the selectivity to C4 increases
when conversion decreases), the evolution of geites at the lowest temperatures indicates
the opposite. The deviating points that are hidgtiéd in figure 15.22 correspond to the C3
and C4 selectivities after 5 minutes at the thoseekt temperatures. Here, the ratio between
C4 and C3 is much lower than expected, but inceebséh with increasing temperature and

time on stream (both parameters also leading thenigonversion). This might mean either
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that another mechanism operates early in the mraeti low temperatures, or it may indicate
that the reaction has been slowed sufficientlyitmér formation of C4 from C3. If the latter
is the case, reaction from C3 to C4 would thendsimed to proceed very fast during other

conditions studied.

The simplest reaction from propene to a C4 speg@msdd be through a methylation reaction,
where addition of a C¥l group to the propene double bond would lead telalRene via a

carbocation by either of the paths shown in figlBe23.

-H* CH;" CH;" -HY
- - A\ — + —_— =

Fig. 15.23:simplified scheme for the addition of GHo either side of a propene double bond

As shown in the figure, the path to isobutene ldadsugh an unstable primary carbocation,
while the methylation to a linear butene proceedsough a more stable secondary
carbocation. Thus, it would be expected that matioh of propene would predominantly
yield linear butenes, which is also what has beemd experimentally by Svelle et’dl As
the dominant C4 species formed in H-SAPO-5 is isaei it is likely that, if this is indeed
formed from propene, an indirect mechanism is rasjide. Such a mechanism may for
instance be based on successive methylations pépeoto larger olefins, which then undergo
cracking to produce isobutene and other alkenesckrg reactions in zeolites are likely to
yield branched alkeng8.
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Fig. 15.24:Plots of the ratio of C4 to C3 aliphatics forméaft(axes, filled circles) and the C3

HTI (right axes, open diamonds) as a function eftime on stream at different temperatures.

For more details on conversion and selectivities, appendix J.
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Another observation in favour of propene being @cprsor to C4 is shown in figure 15.24.
These plots show that the ratio between C4 ando@8dd shows an inverse correlation with
the C3 HTI ratio. This may be taken as an indicativat formation of propane inhibits or
competes with the formation of C4 species. If proppes assumed to be a precursor for both
C4 and propane, this may lead to results simildhose found here. It should be noted that at
higher temperatures the C3 HTI is near zero dtrals on stream, and that C4 formation was
dominant at low conversion in those experimentssgaswvn in figure 15.22). Figure 15.25
displays a simplified reaction scheme of the twagiady competing reactions of propene.
These are the reaction to propane, via protonasind hydride transfer from another
hydrocarbon, or to isobutene via successive meibyland cracking.

Successive
H +H methylation
/\ - /\ ’ v e

and cracking

Fig. 15.25:Possible reactions of propene over H-SAPO-5

15.4.3 Use of isotopically labelled methanol

To further elucidate the mechanism of olefin fornmatfrom hydrocarbon pool compounds,
the co-feeding of methanol and benzene was aldorpeed with'*C labelled methanol. If the
olefin elimination from methylbenzenes proceeds wiaring contraction (paring type)
mechanism, it is expected that one carbon atom fifmenaromatic ring is incorporated in
every olefin produced. If the elimination procedisan exocyclic methylation route, this
would not be the case. By synthesising the actie¢hgibenzenes fronfC benzene antfC
methanol, it should be possible to determine whathmanism dominates. Figure 15.26
provides a simplified account of the expected d#ifee in isotopic distribution for the paring
and exocyclic methylation mechanisms. In the figuhe stars represent labelled carbons.
Even though figure 15.26 uses the heptamethylbémzenation as starting point and splits
off propene, the isotope patterns are expectee tihd same for other methylbenzenes and/or
if ethene or isobutene is eliminated.
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Paring * Exocyclic

jij i ‘ % mechanism  * * methylation :ﬁ;{ 2 *CH30H . :

Fig. 15.26: Simplified reaction scheme of paring and exocyctiethylation pathways to

splitting off propene from a heptaMBation with'*C labelled methyl groups.

The experiment was based on work by Bjgrgen(®t ah H-Beta, where strong indications of
the paring mechanism dominating were obtained. BEkiengh the retained hydrocarbons in
H-SAPO-5 are different, the experiment was expetidoe able to discriminate between the
two mechanisms here also. Even though the prodsictlbdition of methanol conversion over
H-SAPO-5 is similar to that observed over H-Betadi¢ations of different reaction
mechanisms have been observed. For instance, aeadtivolving methylbenzenes appear
from isotopic switching experiments (chapter 15.3d2be less important in H-SAPO-5 than
in H-Beta. Hints to indirect formation of isobutefiem propene have also been observed and
discussed earlier.

In these experiments similar conditions were wdisas those from unlabelled co-feeding
experiments, but sample SC was used instead ofliPfrder to improve the quality of data
for the retained compounds, no quartz dilution waed and the mass of catalyst was
doubled. As more catalyst was dissolved, the mbéngene peaks became more intense and
isotopic analysis became more reliable. One probieith these experiments was that
formation of pure”C methylbenzenes (or with one or th?€ atoms) became very prominent
when the conversion of reactants was higher théwapercent. This led to difficulties in
interpreting the isotopic distribution data and mmaidl necessary to work at very low
conversion. The apparent preference for forminghylbenzenes high if°C rather than
successively methylating benzene may be causedplyhawhere higher methylbenzenes are
formed directly from**C- rich light alkenes. As higher methylbenzenes m@re easily
methylated than lower methylbenzeh&% such species would preferably be methylated
instead of the®®C benzene. Figure 15.27 shows an example of a mischato form
trimethylbenzene from propene that has been prabbgeSassi et 8 during methanol
conversion over H-Beta, which may also operate-8A#PO-5.
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Fig. 15.27:Reaction of propene to trimethylbenzene and preptiom [56].

In order to suppress formation of more aromatiasnguthe co-reaction ofC methanol and
12C benzene, the conversion was kept low and thermai® of benzene to methanol in the
feed was increased to 1:3. Optimal conditions vieued to be a reaction temperature of 250
°C, and WHSV 0.8 f and 1 H for benzene and methanol respectively, in additmra
10mi/min flow of pure helium. This led to a conviers of 1.13 % and 90% selectivity to
methylbenzenes (predominantly toluene). The distidim of aliphatics was similar to that
observed in earlier co-feeding experiments. FiglBe28 shows the isotopic distribution in
penta- and hexa- methylbenzene retained in théysatdter 2.5 minutes of co-reaction.

Pentamethylbenzene Hexamethylbenzene

60+ 60-

40 40+
X B3

204 204

0- 0-

0123456789101 0123 45%6 7 89101112
number of 13C atoms number of 13C atoms

Fig. 15.28: Distribution of**C atoms in penta- (left) and hexa- methylbenzeightir during

co-reaction of’C benzene antiC methanol over sample SC.

The above figure reveals that under these conditiorost of the penta- and hexa-
methylbenzene is formed from methylation'¢€ benzene. What is also visible is that some
degree of scrambling of labelled carbon into thezkee ring takes place. The scrambling
patterns are not very different from those obsetwe®jargen et & and may thus indicate

that a paring type mechanism is taking place. H@anescrambling of the methylbenzenes

may also occur in processes not related to alkémenations as suggested by e.g. Sassi et
all®®,
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Fig. 15.29: Distribution of *C atoms in the major olefin products during co-tieacof **C

benzene antfC methanol over sample SC.

Figure 15.29 shows the distribution'3€ atoms in the three major olefin products: propene
isobutene and isopentene. Of these, propene hasificantly lower content of*C than the
other two (68% in propene, ~90% in i-butene andritpne) and molecules with off€ are
overrepresented compared to a random distribufibrs fits well with a mechanism where
the olefin is eliminated from methylbenzenes by echanism involving ring contraction,
such as a paring type mechanism. While this is fiouehe propene effluent, most isobutene
molecules appear to consist of onf§C atoms, which is not consistent with a paring

mechanism.

Propene and isobutene thus appear to be formedvddifferent mechanisms. While it is
possible that isobutene is also formed from metytienes, but by a mechanism not
involving scrambling, certain factors makes thispegr unlikely. First, the exocyclic
methylation mechanism is not usually associatedh wdobutene formation. Secondly,
indications of the importance of alkene-based meishas and the close link between propene
and isobutene formation makes an indirect readtiom propene to isobutene more likely.
Thirdly, the3C content in isopentene is suspiciously similath@at of isobutene, increasing
the likelihood of a common reaction mechanism F& two. Such a common mechanism of

formation fits poorly with an aromatics-based cycle

Isotopic distributions of other compounds wereidifft to achieve in this experiment due to
the low concentrations in the reactor effluent amide the catalyst. In the case of ethene,
however, other experiments do indicate that'fiecontent in ethene is always lower than in

propene (which again is always lower than in iseba). This, together with the increased
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ethene formation observed when co-feeding benzpoeits to a methylbenzene-based

mechanism similar to how propene is formed beisgoasible for ethene formation.

The paring mechanism, which eliminates olefins tigioa ring contraction, is assumed here
to be responsible for propene formation. In spftéhs, it should be noted that other reaction
mechanisms can also account for the observed stirmbBor instance, Arstad et'dP has

investigated mechanisms proceeding through ringaesipns which could also account for
the observed scrambling. Even if olefin eliminatioocurs via ring expansion rather than
contraction, these are both carbocation-based mesha. Thus, the results of this work
indicate that even if the acid strength of H-SAP@-wer than that of high-silica zeolites, a
carbocation-based mechanism is preferred for eéitton of olefins from methylbenzenes
rather than a mechanism based on methylation obubld bond such as the exocyclic

methylation reaction.

15.5 Summary and proposal of a reaction mechanism

The work performed here on H-SAPO-5 reveals thatvdrious catalyst samples tested differ
significantly in activity and lifetime. Indicationsf mechanistic differences early in the
methanol conversion reaction in the more defectbznples have also been found.
Nevertheless, all samples share the same genenalstin their product selectivities. These
trends and the product distributions in H-SAPO-& aery similar to that of the large-pore
zeolite H-Beta. Dissimilarities include a highetiseof C4/C3 hydrocarbons in H-SAPO-5 in
addition to a lower amount of alkanes and aromatiosluced. At conditions similar to those
employed in this work, hydrocarbon formation frometiranol over H-Beta has been
determined to proceed mainly through methylbenzetesmediates. These are successively
methylated and eliminate propene and isobutene aviparing-type (ring contraction)
mechanisfi® ¢4, Because of the similarities in product selecyivit would appear likely that
the same mechanisms operate over H-SAPO-5. In gpfiteahis, isotopic switching
experiments show that methylbenzene intermediagesfdess importance in H-SAPO-5 than
beta, and co-feeding of benzene and methanol itedicthat isobutene is not formed in a
paring mechanism from methylbenzenes. Fundamergahamistic differences must therefore
exist in the generation of hydrocarbons over the tatalysts. From indications that the

presence of aromatics boosts methanol conversiah that olefins are formed from
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methylbenzenes in H-SAPO-5, aromatics-based mestmsnare unlikely to be insignificant.
However, another mechanism must operate in coripmatith this to explain the slower
incorporation of fresh methanol into the aromatican into the light alkene products. As
mechanisms based on successive alkene methylatidnceacking have been invoked
previously for other catalytic systems, it appddemsly that such mechanisms operate in H-
SAPO-5 as well. Alkene based mechanisms are rap@sethe most likely paths to light
hydrocarbons in catalysts where steric constrailitsits the formation of higher

73-77, 79]

methylbenzend¥: It is also the preferred explanation in low temapere generation

of branched aliphatics both in zeolitéd and over Inj and Zn} catalyst§°"*"%

Any mechanistic explanation for methanol conversioer H-SAPO-5 must account for the
trends in the three major product fractions: pra@pdrutenes and pentenes. The selectivity
towards the first of these always increases witleasing conversion of methanol, while the
latter two show the opposite trend. Co-feeding @fizene and methanol at low temperatures
also hints to a link between propene and isobutpossibly that formation of the latter
proceeds from the former. The ratio between C4@ndpecies has been observed to remain
constant with changing methanol conversion undailai conditions, but to depend on the
reaction temperature, which may be indicative afmfation from a common precursor.
Formation of propene has been found to occur by pheng reaction from higher
methylbenzenes, but as fresh methanol is incorpdraster into propene than aromatics, this

cannot be the only pathway to propene formation.

In light of this it is proposed that a methylbenedrased hydrocarbon pool produces propene,
and that this propene reacts further to form ogpreducts. As direct methylation to form
isobutene has been established as unlikely, tliisssmed to occur by an indirect mechanism.
If the further reactions of propene are based othytegtion, it would be readily methylated as
long as methanol or dimethyl ether is present dms would account for the observed
increase in selectivity to propene with increasiogversion, since less of these methylating
agents would be present at higher conversion. Budssuming that hexamethylbenzene is
the predominant intermediate for propene formatlmough a paring reaction, a simplified

reaction scheme would look like figure 15.30.
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Fig. 15.30:Simplified scheme of a reaction mechanism wheopgme is formed from a paring

reaction and further reacts to C3-C5 alkenes. Medotes a methylating agent.

MeX in figure 15.29 signifies any methylating agembst likely methanol, dimethyl ether or
a methoxy group inside the zeolite. The indireect®n from propene and back to propene is
included to account for the rapid incorporationaifelledcarbons into propene after isotopic
switching. While the methylbenzene cycle indicated figure 15.30 proceeds from
hexamethylbenzene to trimethylbenzene, this mayrinciple be a transition from any
methylbenzene to one that is less substituted teetmethyl groups. However, flushing and
switching experiments indicate that hexamethylbaaze the most reactive. Even though the
heptamethylbenzenium cation has not been obsenvétdSAPO-5, this is not proof that it
does not exist. It cannot therefore be ruled oat the path to propene formation goes through

this species in the same manner as reported pyifor H-Betd®.

When considering how propene can react to formdrighkenes, it is instructive to look at a
sequence of methylation products. The reactionassemed to proceed through carbocations
that can be deprotonated to form alkenes. If thetnmighly substituted carbocations and
alkenes are favoured at each step, such a sequentea C8 alkene would look like that
shown in figure 15.31. When considering the finai@n in that figure it is noteworthy that,
unlike its predecessors, it is able to isomerigt@ack viaB-scission in several ways without
the formation of an (unstable) primary carbocatimadeed, methylation sequences similar to
this has been invoked both by Ahn ét’8l and by Hazari and Bercaw et'&"%to explain
product distributions in zeolites at low temperatand by Znd or Inls, respectively. Ahn et
al*"® also explains formation of isobutene by assunfisgission of C8+ carbocations.
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Fig. 15.31:Successive methylation sequence from propeneid,a-trimethylpentyl cation.

While it is possible to continue the sequence tgdaspecies, alkenes containing more than
eight carbons have not been observed in H-SAPOrgluhis work. A C8 species may
undergo cracking either to form two C4 speciesod€8 and C5, which would nicely account
for the observed constancy in the C5/C4 ratio dughanges in conversion. If they were
primarily formed from the same species, this ratmld not be dependent on the availability
of methylating agents. This would not be true dytlwere produced from different species in
the methylation sequence of figure 15.31. Consmgderihe 2,2,3-trimethylpentyl cation,
iIsomerisation to species which can plausibly undgrgcission to either isobutene and an
isobutyl cation or to isopentene and a propyl casbould be possible. The cations formed
may be deprotonated to form isobutene and propEmese reactions are outlined in figure
15.32. Of thesep-scission to yield two isobutenes is assumed tdaBtest as the rate of
reaction from a tertiary to another tertiary cadgamn is much higher than from tertiary to
secondary?. This, and the generation of two molecules frora mraction, would account for
the higher selectivity to isobutene than isopentdrserved in H-SAPO-5.

EAN
- + __— .
% ¥ /}/

Fig. 15.32:Possible reaction scheme for formation of isobeitésopentene and propene from

\

a 2,2,3-trimethylpentyl cation by isomerisation @#nscission.

So far, the formation of the major products hashbdiscussed. Of the more minor products,
the increased production of ethene when benzemelded to the feed indicates formation
from methylbenzenes. Considering methane productiop alkene may in principle crack to
form this, but formation of a primary carbocatiolmwd be necessary. It is for this reason
assumed that most of the methane is produced Wireotn methanol in accord with what
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was observed for H-SAPO-34 by Dahl and Kolt®eOn a related note, cracking of e.g. C6
species to propenes in the same manner as profmsdeéZSM-5°Y may also occur, but it is
assumed that further methylation to C8 before ¢rarcks more favourable, since this would
involve more highly substituted carbocations. It fisther assumed that alkenes and
alkylbenzenes can undergo cyclisation and form rnosaturated species, with accompanied
production of alkanes to maintain hydrogen balaibés then leads to a proposed mechanism
which is very similar to that proposed for methaocohversion over H-ZSM-5 by Bjgrgen et
al™, but where key intermediates and product distidoudiffer. The proposed mechanism is
illustrated in figure 15.33 and consists of twolegc Cycle 1 is based on methylbenzenes and
assumes that ring-contraction of hexamethylbenietige cycle’s main pathway to propene
and ethene. Cycle 2 consists of methylation of enepto C8 and cracking to form propene,
isobutene and isopentene. While the cycles reprgseanallel reaction mechanisms, transition

from one cycle to another is assumed to occur getiy

7
Cycle 1 (+ aromatics)
P
MeOH

Cyclisations and
hydride transfers

Alkanes

/ /-
A
MeOH Cycle 2 /u\/
a

Fig. 15.33 Proposed mechanism of olefin formation duringhmabl conversion in H-SAPO-5

152



It should be stressed that the proposed mechargsshawn in figure 15.33 is not necessarily
completely correct. Nevertheless, it fits well witie major observations of this work and
should provide a good working hypothesis. This t@n be used as a scaffold on which to
base further studies of the system. One observéiianhas not been accounted for in the
mechanistic proposal is the decreased C4/C5 ratiod in the products when benzene is
added to the feed (recall figure 15.21). The redsorthis change has not been determined,
but it is possible that the larger amount of etham@ propene leads to more reactions between

these. Reactions between propene and ethene msiplgdead to pentenes.

Finally, a question presents itself: why does olééirmation in other zeolitic MTH catalysts
such as H-SAPO-34 and H-Beta occurs mainly by nllegmzene intermediates, while alkene
based mechanisms appear more important in H-SAPRI&s possibilities exist here, but it
would be instructive to look first at the differesc between the systems. H-SAPO-34
possesses a structure with cages connected bysweaiyl apertures. It is conceivable that
since molecules larger than propene are trappedeiriee cages, these will eventually form
methylbenzenes. Lesthaeghe ét'4lhave also shown that formation of hexamethylbeezen
in the CHA structure is more favourable than in Et&8 As the methylbenzenes cannot leave
the structure, addition of methanol and eliminatidralkenes is likely to continue for some
time. In H-Beta on the other hand, the methylbergeaare free to diffuse out of the structure
in the same manner as in H-SAPO-5. However, ibssjble that the higher rate of hydrogen
transfers in the (more strongly acidic) structuiréleBeta preferentially causes higher alkenes
to form aromatics rather than crack Pyscission. This would then provide more active
methylbenzenes and a shift favouring cycle | maguoclt should also be noted that the
channel intersections in H-Beta provide a more ispacenvironment than in H-SAPO-5,
which may favour cycles based on bulky methylberziettermediates and possibly cause
more favourable conditions for formation of thehiigreactive heptamethylbenzenium. This
cation has not been observed so far in H-SAPO-Stiar interesting observation is that
from the work by Ahn et 8, it appears as if similar mechanisms as thoseqsexp here for
H-SAPO-5 dominate in H-Beta at lower temperatufdse main difference between their
work and the study presented herein may be theased rate of hydrogen transfer reactions
in H-Beta, which could be responsible for “trapgimgany of the larger hydrocarbons as less

reactive alkanes, thus preventing them from cragkinform lower alkenes.
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16 Conclusions and further work

While H-SAPO-5 is an active catalyst for methanmhwersion, the samples produced in this
work require low space velocities to convert anrapiable percentage of the feed. The
overall conversion capacities before deactivatimnreot very high compared to other tested
MTH catalysts. The major hydrocarbon products aB5Calkenes and methylbenzenes.
Selectivity results indicate that degree of deation, acid site density or WHSV does not
play a large role in determining selectivity asumdtion of methanol conversion, which

implies that reactions appear independently atreliscacid sites. Deactivation is therefore
assumed to primarily cause an acid site to becamagailable, while not affecting other sites
in line with Janssefd! kinetic model of deactivation in zeolites. Diffaces in deactivation

rates have been observed between the differentithegised samples. While a correlation
between BET surface area and longer lifetime wasdo it was hard to correlate the

observations with other characterisation resulisis lassumed that structural defects and

possibly blocked channels are parts of the explamabut this is by no means certain.

H-SAPO-5 has been shown to produce similar prodastthose observed when converting
methanol over other twelve-ring zeolites, in paac zeolite H-Beta. However, a decreased
selectivity to aromatics and alkanes is observe#lHBAPO-5, implying a lower hydrogen
transfer activity. H-SAPO-5 also shows a higherfgrnence for producing butenes rather than
propene when compared to H-Beta. In addition ts, thihigher apparent activation energy for
methylation of benzene was found in H-SAPO-5. litespf the similarities in product
distribution, results indicate differences in theahanisms of product formation compared to
those reported for H-Beta. Based on the obseratiorihis work, a mechanism where two
cycles operate semi-independently of each otherbkas proposed. One cycle is based on
methylbenzene intermediates and the paring regotbile the other is based on successive
methylations and cracking of alkenes. The propasedhanism shares many similarities with
mechanisms proposed for methanol conversion ovASEM-5.

As a hypothesis on the olefin formation mechanisnHiSAPO-5 has been provided, the
logical next step would be to validate (or disprowe Several new experiments can be
performed with this in mind. As 2,2,3-trimethylpene has been proposed as a central

intermediate in the alkene cycle, feeding this coumu over a H-SAPO-5 sample would be
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highly informative. If the cracking products aret monsistent with the proposed mechanism,
this will go a long way towards disproving the ppspd mechanism. Similarly, co-feeding

propene and methanol should generate C4-C8 spaciesding to the mechanistic proposal.
The above suggested co-feeding of methanol andepempnay also be indicative of how

much propene is produced from each of the mecheaigtles if the dual cycle mechanism is

not disproved. Also, hexamethylbenzene Wi methyl groups may be synthesised ex-situ
and fed over the catalyst together with methanallitmw observation of elimination reactions

from methylbenzenes with labelled methyl groupshagher conversion than what was

managed in this work. If higher conversion is aiddle without generating large amounts of
pure**C methylbenzenes, it may be possible to analyse mpecies than C3-C5 alkenes. For
example, the origins of ethene may be confirmedasdeements of activation energies for
different methylation reactions in H-SAPO-5 and seduent comparisons with more strongly
acidic zeolites may also prove valuable in detemnginvhich reactions are favoured upon

changing the acid strength. Theoretical methods atsybe employed for this purpose.

To determine whether the mechanistic differencesenied in H-SAPO-5 and H-Beta are
indeed caused by acid strength differences andhaotifference in pore structure, a direct
comparison of isostructural materials would be fiers. It is possible to synthesise the
zeolite isostructural to H-SAPO-5, SSZ-24 with asite densities close to those of sample
P/L in this work**l. A Comparison between isostructural samples cpuite invaluable in

determining the role of acid strength in MTH apations. While such a study was recently
performed by Bleken et &' 3 the CHA topology used in those studies limiteé th
compounds that can be introduced due to its naolavnnels. As bulky intermediates could

not be utilised in co-feeeding experiments, mecttanstudies were difficult.

As causes of deactivation during the methanol-tdrbgarbons process is generally poorly
understood, further studies on the different catabamples found to differ in deactivation
rate would be of interest. To gain insight into teasons for the differing lifetimes, it would
likely be necessary to characterise the sample® rimroughly. NMR methods should be
employed to investigate compositions of the samdasit would also be necessary to find a
way to better characterise structural defects. i8sunf both the nature and the amount of coke
in the samples at various times on stream and degoé deactivation may also be

informative.
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A. Complete overview of syntheses performed

Syntheses performed using TPA template

Sample Phase(s) obtained H,O | Al;O5 | P,Os | SiO, | TPA Oven Synth time | Temp Notes
MWEO01-2 AFI| 50 1.0 0.6 (040 2.1 Static 24.00h 200C
MWEO01-4 AFI| 50 1.0 0.6 (040 2.1 Static 24.00h 200C

MWEO04 AFI| 50 1.0 0.6 (040 2.1 Static 24.00h 200C

MWEOQO5 AFI| 50 1.0 0.6 (040 2.1 Static 24.00h 200C

MWEO06 AFI| 50 1.0 0.6 (040 2.1 Static 24.00h 200C

MWEOQ7 AFI| 50 1.0 0.8 {040 2.1 Static 24.00h 200C

MWEOQ08 AFI| 50 1.0 1.0 |0.40]| 2.1 Static 24.00h 200C

MWEQ09 AFI| 50 1.0 1.0 |0.40]| 2.1 Static 24.00h 200C |
MWE10-1 AFI/ tridymite 80 1.0 1.0 |0.40]| 2.1 Static 24.00h 200C 1l
MWE10-2 AFI 80 1.0 1.0 {040 2.1 Static 24.00h 200C 1l
MWE10-3 AFI 80 1.0 1.0 {040 2.1 Static 24.00h 200C 1l
MWE10-4 AFI 80 1.0 1.0 (040 2.1 Static 24.00h 200C 1l
MWE11 AFI 50 1.0 1.0 (040 2.1 Old tumbler 23.00h 200C

MWE12 AFI 50 1.0 1.0 (040 2.1 Old tumbler 23.00h 200C

MWE13 AFI 55 1.0 1.0 {040 2.1 Old tumbler 23.00h 200C

MWE14 AFI 80 1.0 1.0 {040 2.1 Old tumbler 23.00h 200C

MWE15 AFI 50 1.0 1.0 (040 2.1 Old tumbler 24.00h 200C

MWE16 AFI 50 1.0 1.0 {040 | 2.7 Old tumbler 24.00h 200C

MWE17 AFI 50 1.0 1.0 {040 | 3.3 Old tumbler 24.00h 200C

MWE18 AFI 50 1.0 1.0 {040 | 3.9 Old tumbler 24.00h 200C

MWE19 AFI 50 1.0 1.0 {040 | 3.9 Old tumbler 24.00h 180C

MWE20 AFI| 30 1.0 1.0 |0.40]| 3.9 Old tumbler 24.00h 180C

MWE21 AFI| 80 1.0 1.0 |0.40]| 3.9 Old tumbler 24.00h 180C

MWE?24 AFI 50 1.0 1.0 |0.40]| 3.9 Old tumbler 16.00h 180C

MWE25 AFI 80 1.0 1.0 |0.40]| 3.9 Old tumbler 16.00h 180C

MWE26 AFI| 80 1.0 1.0 |0.40]| 3.9 Old tumbler 16.00h 180C

MWE28 AFI 50 1.0 1.0 |0.40]| 3.9 Old tumbler 8.00h 180C

MWE?29 AFI 50 1.0 1.0 |0.60| 3.9 Old tumbler 8.00h 180C

MWE30 AFI| 50 1.0 1.0 |0.80| 3.9 Old tumbler 8.00h 180C

MWE31 AFI| 50 1.0 1.0 |0.20| 3.9 Old tumbler 16.00h 180C

MWE32 AFI| 50 1.0 1.0 |0.75] 3.9 Old tumbler 16.00h 180C

MWE33 AFI| 50 1.0 1.0 |1.00]| 3.9 Old tumbler 16.00h 180C

MWE34 AFI| 50 1.0 1.0 |150]| 3.9 Old tumbler 16.00h 180C

MWE37 AFI 50 1.0 1.0 {040 | 3.9 Old tumbler 4.00h 180C

MWE38 AFI 50 1.0 1.0 [1.00| 3.9 Old tumbler 4.00h 180C

MWE39 AFI 50 1.0 1.0 {040 | 3.9 Old tumbler 16.00h 200C

MWE40 AFI 100 | 1.0 1.0 {040 | 3.9 Old tumbler 16.00h 200C

MWE41 AFI 50 1.0 1.0 [1.00| 3.9 Old tumbler 16.00h 200C

MWE42 AFI 100 | 1.0 1.0 [1.00| 3.9 Old tumbler 16.00h 200C

MWE45 AFI 50 1.0 1.0 {040 | 3.9 Old tumbler 4.00h 200C

MWE46 AFI 50 1.0 1.0 [1.00| 3.9 Old tumbler 4.00h 200C

I: Carried out in large autoclave (150ml liner)

I: Series with varying ageing time. The same gels used for all four, with ageing

times: 1h, 1 day, 2 days and 3 days respectivel§@el to 10-4.
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TEA template

Sample Phase(s) H20 | Al P Si | temp Oven Synth time | Temp Notes
MWE22 CHA(+AFI) 50 [ 10|10 ]040] 39 Old tumbler 24,00h 180C

MWE23 CHA/AFI 50 | 1,0 | 1,0 |0,40| 3,9 Old tumbler 16,00h 180C

MWE27 CHA/AFI 50 [ 10|10 ]040]| 39 Old tumbler 8,00h 180C

MWE35 AFl/amorphous 50 | 10] 10 ]040] 39 Old tumbler 4,00h 180C

MWE36 CHA/amorphous 50 | 10]10]100] 3,9 Old tumbler 4,00h 180C

MWE43 AFI/CHA 50 [ 10|10 ]040]| 39 Old tumbler 4,00h 200C

MWE44 AFI/CHA 50 | 1,0 | 1,0 |1,00| 3,9 Old tumbler 4,00h 200C

MWE47 CHA 50 | 1,0 |10 ]100]| 39 Old tumbler 4,50h 180C

MWE48 CHA/AFI 50 [ 10| 10]050]| 3,9 Old tumbler 4,50h 180C

MWE49 AFI/CHA 50 | 1,0 | 1,0 |0,25| 3,9 Old tumbler 4,50h 180C

MWES0 AFI(CHA) 50 [ 1,0 |10 ]0,00] 39 Old tumbler 4,50h 180C

MWES51 AFI 50 {10 |10 ]0,25| 39 Old tumbler 3,50h 200C

MWE52 AFI(CHA) 50 | 1,0 | 1,0 |0,50| 3,9 Old tumbler 3,50h 200C

MWES53 CHA 50 [ 10|10 ]100] 39 Old tumbler 3,50h 200C

MWE54 amorphous 100 | 1,0 | 1,0 [1,00| 39 Old tumbler 3,50h 200C

MWES55 AFI(CHA) 50 | 10|10 ]0,25| 3,9 Old tumbler 3,50h 220C

MWE56 AFI(CHA) 50 [ 1,0 |10 ]050]| 3,9 Old tumbler 3,50h 220C

MWE57 AFI/CHA 50 | 1,0 | 1,0 |1,00| 3,9 Old tumbler 3,50h 220C

MWES8 AFI 50 | 1,0 | 10 ]200]| 39 Old tumbler 3,50h 220C

MWE59 AFI(CHA) 50 [ 1,0 | 10 ]150]| 39 Old tumbler 4,50h 180C

MWE60 AFI 50 | 1,0 | 1,0 |0,10| 3,9 Old tumbler 4,50h 180C

MWE61 AFI(CHA) 50 [ 10|10 ]0,20| 39 Old tumbler 4,50h 180C

MWE62 AFI/CHA 50 | 1,0 | 1,0 |0,25| 3,9 Old tumbler 4,50h 180C

MWE63 AFI(CHA) 50 | 10|10 ]0,25| 3,9 Old tumbler 4,00h 200C

MWE64 AFI/CHA 50 [ 1,0 |10 ]050]| 3,9 Old tumbler 4,00h 200C

MWE65 CHA/AFI 50 | 1,0 | 1,0 |0,75| 3,9 Old tumbler 4,00h 200C

MWE66 CHA/AFI 50 [ 10|10 ]100]| 39 Old tumbler 4,00h 200C

MWE67 CHA/AFI 50 [ 1,0 | 1,0 ]0,75| 39 Old tumbler 4,50h 180C

MWE68 AFI/CHA 50 | 1,0 | 1,0 |2,00| 3,9 Old tumbler 4,50h 180C I
MWE69 AFI/CHA 50 [ 10|10 ]100]| 39 Static 5,00h 200C

MWE134 AFI/CHA/+ unknown 50 | 10| 1,0 |0,25| 3,9 Old tumbler 3,50h 220C I
MWE135 AFI/CHA/+ unknown 50 | 1,0 | 10 ]0,05| 39 Old tumbler 3,50h 220C I
MWE136 AFI/CHA/+ unknown 50 [ 10|10 ]0,25| 39 Old tumbler 3,50h 220C 1
MWE137 AFI/CHA/+ unknown 50 | 1,0 | 1,0 |0,25| 3,9 Old tumbler 3,50h 220C I
MWE150 amorphous/AFI 50 | 1,0 | 1,0 |0,20| 3,9 Magnetic 3,00h 200C

MWE151 AFl/amorphous 50 {10] 10 ]0,20] 3,9 Magnetic 3,25h 200C

MWE152 AFI 50 | 1,0 | 1,0 |0,10| 3,9 Magnetic 3,50h 200C

MWE157 AFl/amorphous 50 | 1,0 | 1,0 |0,20| 3,9 Magnetic 3,50h 200C

MWE158 AFI 50 | 1,0 | 1,0 |0,10| 3,9 Magnetic 3,75h 200C

MWE159 AFI 50 | 10|10 ]0,10| 39 Magnetic 4,00h 200C

MWE164 AFI/CHA 50 [ 10|10 ]010]| 39 Magnetic 7,00h 180C v
MWE165 AFI/CHA 50 | 10 | 1,0 |0,10| 3,9 Magnetic 4,25h 180C

MWE166 AFI 50 [ 10|10 ]010]| 39 Magnetic 4,50h 180C

MWE167 AFI/CHA 50 [ 10|10 ]0,10| 39 Magnetic 4,25h 180C

MWE168 AFI/CHA 50 | 10 | 1,0 |0,10| 3,9 Magnetic 4,50h 180C

MWE169 AFI/CHA 50 [ 10|10 ]0,10]| 39 Magnetic 4,45h 180C

MWE170 No product 50 {10]10]010] 39 Magnetic 4,50h 200C

MWE171 CHA/AFI 50 | 1,0 | 10 ]0,05| 39 Magnetic 4,50h 200C

MWE172 CHA/AFI(AEI?) 50 [ 1,0 | 10]0,05| 39 Magnetic 4,50h 200C
MWE173 M1 | AFl/amorphous 50 | 10]10(0,20] 3,9 | New Tumbler 3,50h 200C
MWE173_M2 | AFI/CHA/amorphous | 50 | 1,0 | 1,0 {0,210 | 3,9 | New Tumbler 3,50h 200C

MWE174 M3 | CHA/AFI/amorphous 50 | 1,0 | 1,0 {0,05] 3,9 | New Tumbler 3,50h 200C
MWE174 M4 | CHA/AFI/amorphous 50 | 1,0] 10 (0,05] 3,9 | New Tumbler 3,50h 200C
MWE175_M1 | CHA/AFI/amorphous | 50 | 1,0 | 1,0 [0,05| 3,9 | New Tumbler 4,00h 200C
MWE175_M2 | AFI 50 | 1,0 | 1,0 |0,05| 3,9 | New Tumbler 4,00h 200C
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MWE176_M3 | AFI 50 1,0 | 1,0 |0,20| 3,9 | New Tumbler 4,00h 200C
MWE176 M4 | AFI 50 1,0 | 1,0 [0,10| 3,9 | New Tumbler 4,00h 200C
MWE177 No product 50 | 1,0 | 10 ({0,20| 3,9 | New Tumbler 4,50h 180C
MWE178 1 AFI(CHA) 50 1,0 | 1,0 |0,20| 3,9 | New Tumbler 4,25h 200C
MWE178 2 AFI(CHA) 50 1,0 | 1,0 0,10 | 3,9 | New Tumbler 4,25h 200C
MWE179 CHA 50 1,0 | 1,0 |0,50| 3,9 | New Tumbler 4,25h 200C
MWE180 CHA/amorphous 50 1,0 | 1,0 |0,50| 3,9 | New Tumbler 4,25h 200C
MWE181 1 AFI/CHA 50 1,0 | 1,0 0,10 | 3,9 | New Tumbler 4,50h 200C
MWE181_2 AFI/CHA 50 1,0 | 1,0 |0,20| 3,9 | New Tumbler 4,50h 200C
MWE182 CHA/AEI?(AFI) 50 1,0 | 1,0 [0,50| 3,9 | New Tumbler 4,50h 200C
MWE183 CHA/AEI?(AFI) 50 1,0 | 1,0 |1,00| 3,9 | New Tumbler 4,50h 200C
MWE184 CHAJ/AEI?/AFI 50 1,0 | 1,0 |0,20| 3,9 | New Tumbler 5,00h 200C
MWE185 CHA/AEI?/AFI 50 1,0 | 1,0 0,10 | 2,0 | New Tumbler 5,00h 200C
MWE186 CHA 50 1,0 | 1,0 |0,50| 3,9 | New Tumbler 5,00h 200C
MWE187 CHA 50 1,0 | 1,0 [1,00| 3,9 | New Tumbler 5,00h 200C
MWE188 AFI/CHA 50 1,0 | 1,0 0,10 | 3,9 | New Tumbler 4,00h 200C
MWE189 CHA 50 1,0 | 1,0 |0,25| 3,9 | New Tumbler 4,00h 200C
MWEZ200 CHA/AEI? 50 1,0 | 1,0 0,10 | 2,0 | New Tumbler 4,00h 200C
MWE191 AFI| 50 1,0 | 1,0 |0,25| 2,0 | New Tumbler 4,00h 200C
MWE192 CHAJ/AFI 50 1,0 | 1,0 |0,20| 3,9 | New Tumbler 4,00h 200C
MWE193 AFI (CHA) 50 1,0 | 1,0 0,10 | 3,9 | New Tumbler 4,00h 200C \%
MWE194 CHA/AEI?(AFI) 50 1,0 | 1,0 |0,20| 2,0 | New Tumbler 4,00h 200C
MWE195 CHA/AEI?/AFI 50 1,0 | 1,0 0,10 | 2,0 | New Tumbler 4,00h 200C
MWE196_M1 | AFl/amorphous 50 1,0 | 1,0 0,10 | 3,9 | New Tumbler 4,00h 200C \%
MWE196_M2 | AFI 50 1,0 | 1,0 |0,20| 3,9 | New Tumbler 4,00h 200C \Y
MWE196 M3 [ AFI 50 1,0 | 1,0 [0,10| 3,9 | New Tumbler 4,00h 200C \Y
MWE196 M4 | AFI 50 1,0 | 1,0 |0,20| 3,9 | New Tumbler 4,00h 200C \Y
MWE197_M5 | AFI 50 1,0 | 1,0 |0,20| 3,9 | New Tumbler 4,00h 200C \Y
MWE197 M12 | AFI 50 1,0 | 1,0 0,10 | 3,9 | New Tumbler 4,00h 200C \%
MWE197 M13 | AFI 50 1,0 | 1,0 |0,20| 3,9 | New Tumbler 4,00h 200C \Y
MWE198 None 50 1,0 | 1,0 [0,10| 3,9 | New Tumbler 4,00h 200C \Y
MWE?201 AFI 50 1,0 | 1,0 0,10 | 3,9 | New Tumbler 4,00h 200C \%
MWE202 AFI| 50 1,0 | 1,0 |0,20| 3,9 | New Tumbler 4,00h 200C \Y
MWE?203 AFI 50 1,0 | 1,0 [0,10| 3,9 | New Tumbler 4,25h 200C VI
MWE?204 AFI| 50 1,0 | 1,0 |0,20| 3,9 | New Tumbler 4,25h 200C VI
i: Ludox AS-40 used as silica source
IV: 150ml autoclave used
V. Seeded with plate-like sample
VI: Seeded with TPA sample
Syntheses performed with cyclohexylamine templa¥e
Sample Phase(s) H20 | Al P Si | cHA Oven Synth time | Temp Notes
MWEQ2-2 AFI/CHA 107 | 1,0 | 1,0 |4,00| 1,2 Static 3,00h 200C
MWEQ2-6 AFI/CHA 107 | 1,0 | 1,0 |4,00| 1,2 Static 3,00h 200C
MWEO03-4 AFI/CHA 107 | 1,0 | 1,0 [4,00]| 1,2 Static 3,00h 200C
MWEOQ3-6 AFI/CHA 107 | 1,0 | 1,0 |4,00| 1,2 Static 3,00h 200C
MWEOQ03-7 AFI/CHA 107 | 1,0 | 1,0 (4,00]| 1,2 Static 3,00h 200C

VI: A few attempts were made to reproduce the lsgsis of Young™ from “Verified
Syntheses of Zeolitic Materials”. After a few tgalith no luck, it was decided to

pursue other recipes instead.
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Microwave Syntheses

Sample Phase(s) H20 | Al P Si | TEA Oven Synth time Temp Notes
MWE71 AFl/amorphous 50| 1,0 1,0| 1,00| 3,9]| Microwave 0,33h 190C

MWE72 AFI 50| 10| 10| 1,00 3,9]| Microwave 0,66h 190C

MWE73 AFI 50| 10| 1,0 1,00| 3,9]| Microwave 0,50h 190C

MWE74 AFI 50| 10| 10| 1,00 1,0| Microwave 0,50h 190C

MWET75 AFl/dense 50| 10| 1,0 1,00 3,9| Microwave 0,50h 190C | VI
MWE76 AFI 50| 10| 10| 1,00 6,0| Microwave 0,50h 190C

MWE77 AFl/dense 50 10| 10| 0,10| 1,0 Microwave 0,50h 190C

MWE78 AFI 50| 10| 10| 0,20| 3,9| Microwave 0,50h 190C

MWE79 AFl/amorphous 50| 1,0 1,0| 0,20 3,9]| Microwave 0,50h 190C

MWES80 AFI 50| 10| 10| 050 3,9| Microwave 0,50h 190C | VI
MWES81 AFI 50| 10| 10| 050 3,9| Microwave 0,50h 190C | 1l
MWES82 AFI 50| 10| 10| 0,50| 3,9| Microwave 0,50h 190C | I, Vil
MWES83 AFI 50| 10| 10| 050 3,9| Microwave 0,50h 190C | 1l
MWES84 AFI 50| 10| 10| 0,25| 3,9| Microwave 1,00h 160C | 1l
MWES85 AFI 50| 10| 10| 1,00 3,9| Microwave 1,00h 160C | 1l
MWES86 No product 50| 10| 10| 0,25| 3,9| Microwave 1,50h 160C | 1l
MWES87 No product 50| 1,0 1,0| 1,00| 3,9]| Microwave 1,50h 160C | Il
MWES88 No product 50| 10| 10| 0,25| 3,9| Microwave 1,00h 160C | I
MWES89 No product 50| 10| 10| 0,25| 3,9| Microwave 1,50h 160C | 1l
MWE90 No product 50| 1,0 1,0| 0,25] 3,9]| Microwave 2,00h 160C | Il
MWE91 AFI 50| 10| 10| 0,20| 3,9| Microwave 0,75h 180T | I
MWE92 AFl/dense 50| 10| 10| 0,25| 3,9| Microwave 0,75h 180T | I, VIl
MWE93 AFl/dense 50| 10| 10| 0,50| 3,9| Microwave 0,75h 180T | I, VIl
MWE94 AFI 50| 10| 1,0 1,00 3,9| Microwave 0,75h 180T | 1l
MWE96 AFI 50| 10| 10| 1,00 3,9| Microwave 0,66h 190C | 1l
MWE97 AFl/dense 50| 10| 10| 1,00 3,9]| Microwave 0,50h 180T | 11, VI
MWE98 AFl/dense 50| 10| 10| 1,00 10,0 | Microwave 0,50h 180T | I, VI
MWE99 AFI 50| 10| 10| 0,20 10,0 | Microwave 0,50h 180C | I
MWE100 AFI 50| 10| 10| 0,20| 3,9 | Microwave 0,50h 180T | I
MWE101 AFI 50| 10| 1,0 1,00 3,9| Microwave 1,00h 190C | 11, vill
MWE103 AFl/dense 50| 10| 10| 1,00 3,9| Microwave 1,50h 190C | 11, VII, Vil
MWE104 AFl/dense 50| 10| 1,0 1,00 3,9| Microwave 2,00h 190 | I, VIl Vil
MWE105 AFl/dense 50| 10| 10| 0,20| 3,9 | Microwave 0,50h 180C | I
MWE106 AFl/dense 50| 10| 10| 0,20| 3,9| Microwave 0,50h 180T | 11, VI
MWE107 AFl/dense 50| 10| 10| 0,22| 3,9| Microwave 0,58h 180T | I
MWE108 No product 50| 10| 10| 1,00 3,9| Microwave 0,75h 190C | 11, vill
MWE109 AFl/dense 50| 10| 1,0 1,00| 3,9]| Microwave 1,00h 190C | I, VI, Vil
MWE110 AFI 50| 10| 10| 1,00 3,9| Microwave 1,00h 180T | I, vill
MWE111 AFl/dense 50| 10| 10| 1,00 3,9| Microwave 1,25h 180C | I, VII, VIl
MWE112 AFl/dense 50| 10| 1,0 0,20| 3,9 | Microwave 1,00h 180 | I, Vil
MWE113 AFl/dense 50| 10| 1,0 0,20| 3,9 | Microwave 1,25h 180C | I, VII, VIl
MWE114 AFI 50| 10| 10| 050 3,9| Microwave 0,50h 180T | IlI, IX
MWE115 AFI 50| 10| 1,0 1,00 3,9| Microwave 0,50h 180T | I
MWE116 No product 50| 1,0 1,0| 0,20 3,9]| Microwave 0,50h 190C | Il
MWE117 AFI 50| 10| 10| 0,20| 3,9 | Microwave 0,50h 190C | 1l
MWE118 AFI 50| 10| 1,0 1,00 3,9| Microwave 0,50h 190C | 1l
MWE119 AFI 50| 10| 10| 1,00 3,9| Microwave 0,50h 190C | 1l
MWE120 No product 50| 10| 10| 0,20| 3,9| Microwave 1,00h 180T | I, vill
MWE121 No product 50| 10| 10| 1,00 3,9| Microwave 1,00h 180T | I, Vil
MWE122 Amorphous (AFI) 50| 10| 10| 0,20| 3,9| Microwave 1,25h 180T | I
MWE123 AFI 50| 10| 10| 0,20| 3,9| Microwave 1,00h 180T | I
MWE124 AFI, dense 50| 10| 10| 1,00 3,9| Microwave 1,25h 180C | I
MWE125 AFI 50| 10| 1,0 1,00| 3,9]| Microwave 1,00h 180T | I
MWE126 AFI 50| 10| 10| 0,20| 3,9 | Microwave 0,50h 190C | 1l
MWE127 amorphous 50| 1,0 1,0] 0,20 3,9]| Microwave 0,58h 190C | Il
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MWE128 AFI 50| 10| 10| 0,20| 3,9 | Microwave 0,66h 190C | 1l
MWE129 No product 50| 10| 10| 0,20| 3,9| Microwave 0,33h 190C | 1l
MWE130 No product 50| 10| 10| 0,20| 3,9]| Microwave 0,41h 190C | Il
MWE131 No product 50| 1,0 1,0| 0,20 3,9]| Microwave 0,50h 190C | Il
MWE132 No product 50| 10| 10| 0,20| 3,9| Microwave 0,58h 190C | 1l
MWE133 AFI 50| 10| 10| 0,20| 3,9 | Microwave 0,66h 190C | 1l
MWE138 AFI 50| 10| 10| 1,00 3,9]| Microwave 0,41h 190C | I
MWE139 AFI 50| 10| 1,0 1,00 3,9| Microwave 0,50h 190C | 1l
MWE140 AFI 50| 10| 10| 1,00 3,9| Microwave 0,58h 190C | 1l
MWE141 AFI 50| 10| 10| 1,00 3,9]| Microwave 0,66h 190C | 1l
MWE142 No product 50| 10| 1,0| 0,20| 3,9| Microwave 0,33h 180C
MWE143 No product 50| 1,0 1,0| 0,20 3,9]| Microwave 0,41h 180C
MWE144 No product 50| 10| 1,0 0,20| 3,9 | Microwave 0,50h 180C
MWE145 No product 50| 10| 10| 0,20| 3,9| Microwave 0,58h 180C
MWE146 No product 50| 10| 10| 0,20| 3,9| Microwave 0,50h 180C
MWE147 No product 50| 10| 10| 0,20| 3,9 | Microwave 0,58h 180C
MWE148 No product 50| 1,0 1,0| 0,20 3,9]| Microwave 0,66h 180C
MWE149 No product 50| 10| 10| 0,20| 3,9| Microwave 0,75h 180C
MWE153 amorphous 50| 10| 1,0| 0,20| 3,9| Microwave 0,66h 180C
MWE154 AFl/amorphous 50| 1,0 1,0| 0,20 3,9]| Microwave 0,75h 180C
MWE155 AFI 50| 10| 10| 0,20| 3,9 | Microwave 0,83h 180C
MWE156 AFI 50| 10| 10| 0,20| 3,9 | Microwave 0,91h 180C
MWE160 AFI 50| 10| 10| 0,20| 3,9| Microwave 0,75h 180C
MWE161 AFI 50| 10| 10| 0,20| 3,9 | Microwave 0,83h 180C
MWE162 amorphous 50| 1,0 1,0| 0,20 3,9]| Microwave 0,91h 180C
MWE163 AFI 50| 10| 10| 0,20| 3,9| Microwave 0,91h 180C

" Ludox AS-40 used as silica source
VIl:  Known to have ventilated
VIII:  Slow heating (45-60 minutes tomky)

IX:  From this point on, thermocouple was insertet ireference mixture instead of water.
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B. List of catalytic tests performed

- Flow rates listed are total flow rates of He anactant combined
- Where P, flow or WHSV is given as two values, tingtfis benzene: (benzene;MeOH)
- P/L 2* denotes a reproduced synthesis of P/L. Asilte were different from the

original batch, no further testing with this sampias performed.

Exp | Sample | o6y | ey | Yy | (mibar) | (miiminy | (0> | after Comments
MWES501 P/H 350 100 Y 130 30 3.03 Test run
MWES502 P/H 350 60 Y 130 30 5.06 Test run
MWES503 P/H 350 60 Y 40 30 1.56 Test run
MWES504 P/H 350 60 Y 40 30 1.56 Test run
MWES505 P/H 400 60 Y 40 30 1.56 Test run
MWES506 P/H 450 60 Y 40 30 1.56 Test run
MWES507 P/H 450 100 Y 40 30 0.93 19.5h
MWES508 P/H 450 100 Y 40 30 0.93 19.5h
MWES509 P/H 450 100 Y 40 30 0.93 19.5h
MWES510 P/H 450 50 Y 40 15 0.93 19.5h
MWES511 P/H 450 50 Y 40 15 0.93 19.5h
MWE512 P/H 450 100 Y 40 30 0.93 19.5h
MWES513 P/H 450 100 Y 40 30 0.93 19.5h
MWE514 P/H 450 100 Y 40 30 0.93 19.5h
MWES515 P/H 450 50 Y 40 15 0.93 19.5h
MWES516 P/L 450 50 Y 40 15 0.93 19.5h
MWES517 P/L 450 50 Y 40 15 0.93 19.5h
MWES518 P/L 450 50 Y 40 15 0.93 19.5h
MWES519 P/L 450 50 Y 40 15 0.93 19.5h
MWES520 P/L 450 50 Y 40 15 0.93 19.5h
MWES521 P/L 450 50 Y 40 15 0.93 19.5h
MWE522 P/L 450 50 Y 40 15 0.93 19.5h
MWES523 P/L 450 50 Y 40 15 0.93 19.5h
MWES524 P/H 450 50 Y 40 15 0.93 19.5h
MWES525 P/H 450 50 Y 40 15 0.93 19.5h
MWES526 B/L 450 50 Y 40 15 0.93 19.5h
MWES527 B/L 450 50 Y 40 15 0.93 19.5h
MWES528 B/H 450 50 Y 40 15 0.93 19.5h
MWES529 B/H 450 50 Y 40 15 0.93 44 h
MWES530 P/L 450 50 Y 40 15 0.93 19.5h

Rig rebuilt
MWES531 P/L 450 50 Y 40 15 0.93 19.5h
MWES532 P/L 450 50 Y 40 15 0.93 19.5h
MWES533 P/L 450 100 Y 40 15 0.47 19.5h
MWES534 P/L 450 100 Y 40 15 0.47 19.5h
MWES535 P/L 450 200 Y 40 15 0.23 19.5h
MWES536 P/L 450 50 Y 40 15 0.93 19.5h
MWES537 P/L 450 50 Y 40 15 0.93 19.5h
MWES538 P/L 450 50 Y 40 15 0.93 19.5h
MWES539 P/L 450 50 Y 40 15 0.93 19.5h
MWES540 P/H 450 50 Y 40 15 0.93 19.5h
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column changed

MWE541 | PIL 450 | 50 Y 40 15 0.93 19.5 h
MWE542 | PIL 450 | 50 Y 40 15 0.93 19.5 h

MWE543 | PIL 450 | 50 Y 40 7,5 0.47 19.5 h

MWE544 | PIL 450 | 50 Y 40 3,7 0.23 19.5 h

MWE545 | PIL 450 | 50 N 40 15 0.93 19.5 h

MWE546 | PIL 350 | 50 Y 40 15 0.93 19.5 h

MWE547 | PIL 450 | 50 Y 40 15 0.93 19.5 h

MWE548 | P/H 350 | 50 Y 40 15 0.93 19.5 h

MWE549 | BIL 350 | 50 Y 40 15 0.93 19.5 h

MWES50 | PIL 450 | 200 Y 40 15 0.23 19.5 h

MWES551 | PIL 300 | 50 Y 130,60 | 10;6 |2.0;1.35| 90 min 2C MeOH + **C Benzene
MWE552 | PIL 250 | 50 Y 130;60 | 106 |2.0;1.35| 90 min '2C MeOH + "*C Benzene
MWES553 | PIL 230 | 50 Y 130,60 | 20,7 4.0;1.6 | 90 min 2C MeOH + **C Benzene
MWE554 | PIL 250 | 50 Y 130;60 | 20;7 | 4.0;1.6 | 90 min '2C MeOH + "*C Benzene
MWES555 | PIL 270 | 50 Y 130,60 | 20;7 | 4.0;1.6 | 90 min '2C MeOH + "*C Benzene
MWES556 | PIL 285 | 50 Y 130,60 | 20,7 4.0;1.6 | 90 min 2C MeOH + **C Benzene
MWES557 | PIL 300 | 50 Y 130;60 | 20;7 | 4.0;1.6 | 90 min '2C MeOH + "*C Benzene
MWES558 | PIL 315 | 50 Y 130;60 | 20;7 4.0;1.6 | 90 min 2C MeOH + **C Benzene
MWES559 | PIL 330 | 50 Y 130,60 | 20,7 4.0;1.6 | 90 min 2C MeOH + **C Benzene
MWES560 | PIL 350 | 50 Y 130,60 | 20;7 | 4.0;1.6 | 90 min '2C MeOH + "*C Benzene
MWES561 | PIL 370 | 50 Y 130,60 | 20,7 4.0;1.6 | 90 min 2C MeOH + **C Benzene
MWE562 | PIL 300 | 50 N 130,60 | 207 | 4.0;1.6 | 3min '2C MeOH + "*C Benzene
MWE563 | PIL 300 | 100 N 130;60 | 20;7 2.0,0.8 | 3min '2C MeOH + "?C Benzene
MWES564 | PIL 300 | 100 N 130,60 | 20,7 2.0;0.8 | 3.5min *C MeOH + **C Benzene
MWES565 | PIL 300 | 100 N 130;60 | 20;7 2.0,0.8 | 3.5min 3C MeOH + "?C Benzene
MWE566 | PIL 300 | 100 N 130,60 | 20;7 2.0;0.8 | 2.5min *C MeOH + **C Benzene
MWES567 | PIL 250 | 100 N 130,60 | 20,7 2.0;0.8 | 3.5min *C MeOH + **C Benzene
MWE568 | PIL 250 | 100 N 130;60 | 20;7 2.0,0.8 | 2.5min 3C MeOH + "*C Benzene
MWE569 | SC 450 | 50 Y 40 15 0.93 19.5 h

MWE570 | PIL 250 | 100 N 130;60 | 207 2.0,0.8 | 2.5min 3C MeOH + "*C Benzene
MWE571 | PIL 350 | 100 N 40 15 0.47 | 20 min

MWE572 | SC 450 | 50 Y 40 15 0.93 50 h

MWE573 | PIL 350 | 100 N 40 15 0.47 | 80 min 20 min MeOH + 60 min pure He
MWE574 | SC 450 | 50 Y 40 15 0.93 50 h

MWE575 | PIL 450 | 100 Y 40 15 0.47 19.5 h

MWE576 | PIL 450 | 100 Y 40 15 0.47 19.5 h

MWES577 | P/L2* | 450 | 50 Y 40 15 0.93 19.5 h

MWE578 | P/L2* | 350 | 100 N 40 15 0.47 | 20 min

MWE579 | P/L2* | 350 | 100 N 40 15 0.47 | 80 min 20 min MeOH + 60 min pure He
MWE580 SC 300 50 N 40 45 2.77 5 min no conversion observed
MWE581 | SC 350 | 50 N 40 40 2.47 12 min

MWE582 |  SC 350 | 50 Y 40 15 0.93 19.5 h

MWE583 | SC 350 | 50 N 40 80 4.93 6 min

MWE584 |  SC 350 | 100 N 40 15 0.47 | 20 min

MWE585 |  SC 350 | 100 N 40 15 0.47 | 80 min 20 min MeOH + 60 min pure He
MWES586 | SC 300 | 100 N 130;60 | 207 2.0,0.8 | 3.5min 3C MeOH + "*C Benzene
MWE587 | SC 300 | 100 N 130;60 | 20;7 2.0,0.8 | 2.5min 3C MeOH + "?C Benzene
MWES588 SC 300 100 N 60 7 0.8 2.5 min Only benzene + 20ml/ min He feed
MWE589 | SC 300 | 100 N 130,60 | 207 2.0,0.8 | 3.5min 3C MeOH + "?C Benzene
MWES590 | SC 450 | 50 N 40 15 0.93 20 min | "™C to "*C MeOH switch after 18 min
MWES591 | SC 450 | 50 N 40 15 0.93 19 min | *Cto ®C MeOH switch after 18 min
MWE592 | SC 450 | 50 N 40 15 0.93 | 18.5min | **C to **C MeOH switch after 18 min
MWES593 | SC 450 | 50 N 40 15 0.93 21 min | ™C to ®*C MeOH switch after 18 min
MWE594 | SC 300 | 100 N 130,60 | 10,7 1.0;0.8 | 2.5 min | *C MeOH,"*C Benzene, 10ml/min He
MWE595 |  SC 300 | 100 N 130;60 | 107 1.0;0.8 | 3.5min | *C MeOH,"?C Benzene, 10ml/min He
MWES596 | SC 250 | 100 N 130,60 | 10;7 1.0;0.8 | 3.5min | *C MeOH,"*C Benzene, 10ml/min He
MWE597 | SC 250 | 100 N 130,60 | 107 1.0;0.8 | 2.5min | *C MeOH,"?C Benzene, 10ml/min He
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C. Calculation of Weight Hourly Space Velocity (WHSV)

If the partial pressure of reactant is known (deieed by the temperature in bubble

saturators), the flow of reactant can be found ftbetotal flow:

p(feed)
P

Flow(total) - = Flow(feed)

When the flow rate of feed is known, the mass efifeer time can be found by use of the

ideal gas law:

PV -M
RT

m(feed) =

WHSYV (the mass of feed per mass of catalyst peg)tisithen found from:

m(feed)

WHSV =
m(catalyst) - hour
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D. Calculations based on results from GC analyses

All conversion and selectivity data of catalytistepresented in this work has been calculated
from the observed peaks from on-line effluent asialypoy GC-FID. The FID detector has
been assumed to have the same response to allxygerate hydrocarbons, so a response
factor 1 has been employed for these. For methandl dimethyl ether, response factors

based on previous calibration were used. As suminected peak areas used were:

Hydrocarbons (HC): DME: MeOH:
ACHC) A(MeOH) A(DME)
Acorr(HC) = 1 Acorr(MeOH) = W Acorr(DME) = W

The corrected areas were proportional to the nunabecarbon atoms in each analysed
compound. Thus, if equal areas are found for etlzemebutene the actual concentration of
butene in the effluent will be half as high as tlutethene. Formulas for calculating

conversion and product selectivities are givenwelo
Conversion
Conversion of reactants was calculated from theREZ peaks by the formula:

2 Acorr (products)

c S -10
onversion = s — (products) + Y. A.orr (reactants)

0%

Selectivity
Product selectivity for a given produatan be found from:

ACOTT (l‘)

Selectivity = .
erectivity Y. Acorr (Products)

0%
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E. Calculation of (Al+P)/Si from NH3 TPD

The density of acid sites in mol/g can be foundrfrthe weight loss in the chemisorption
region. The (Al+P)/Si ratio was then found by asswgrthat the framework consists of equal

amounts P and Al in T&roups with an average molar mass M{I©60.98.

Acidity = (% Weight Loss>< 1 )_ n(NH3) B n(Sio,)
craity = 100 M(NH;)) ~ m(T0,) + m(Si0,) _ m(T0,) + m(Si0,)
= Acidity = n(Si0,) = n(NHs)

n(T0,) * M(TO,) + n(NHs) * M(Si0,) = 1
1 —n(NH;3) * M(Si0,)
M(TO,)

n(T0,) =

Al+P n(TO;) 1—n(NH;)*M(Si0,)
Si  n(Si0y,)  M(TO0,) *n(NH;)
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F. Reproducibility

Poor reproducibility of the catalytic tests was ajon issue for a long time during the initial
stages of the work presented here. For this reamsoty identical experiments were performed
numerous times as can be inferred from the ligixpleriments in appendix B. Results of early

experiments using sample P/H at identical condétiare shown in figure F.1a.
10C
90
80-1\}
70
604
50

40

Conversion (%)
Conversion (%)

—O— MWES511
30] —®—MWE512
] —o—MwEs13
201 —A— MWE514
—A— MWE515

104

0

0 2 4 6 8 10 12 14 16 18 20
TOS (h)
(@) (b)
Fig. F.1: (a) Reproducibility checks for P/H at identicalnditions during early stages of
testing. (b) Improved reproducibility of tests &04°C and WHSV 0.93 hduring later testing.

SC was analysed on the PLOT-Q column, while alerhn the plots were analysed by the
PONA column.

Measures to improve the reproducibility includeearling of nearly all GC parts and
improving insulation and heating of the transfeelifrom reactor to GC. In addition, in-situ
calcination of the catalyst in pure oxygen at 58D grior to each experiment was made

standard practice. It was also discovered thatalge& in the reactor system apparently led to
decreased catalyst lifetime.

With time (and much work) reproducibility was sificantly improved, as shown by figure
F.1b. However, perfect reproducibility for longtesvas never achieved, as is withessed from
the plot of SC. It should be noted that even whieange results were obtained for catalyst

lifetimes, the selectivity trends discussed thramghhis work still held.

After the rig was rebuilt, the reproducibility wakso confirmed satisfactory.
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G. Old and new rig comparison

A comparison of conversion as a function of timestream for catalyst P/L on the HP-PONA
GC column and on the rebuilt rig with a PLOT-Q colu is given below in figure G.1.

Conditions were WHSV 0.93 and 450 °C. It is appafeam the figure that the shape of the
curve was changed, but the overall activity anetilite was relatively similar. The reason for

the differing curve shape is not known, but théedénce was reproducible.

1004

—o— PONA
—»— PLOT-Q

90-
80-
70
60-
50-

4OZM
30-

20

Conversion (%)

10+

0 T T T T T T T T T T T T T T T T 1

0 2 4 6 8 ' ZII.O' 12 14 16 18 20
TOS (h)

Fig. G.1: Conversion vs TOS for PONA and PLOT-Q system

Product selectivities from the experiments showavabin figure G.1 are shown below in
figure G.2. Some differences are apparent, buCB«C5 fractions are very similar. While the
PLOT-Q offered superior resolution of the lightfaie, analysis of hydrocarbons with more
than 8 carbons was difficult due to a noisy bagehn higher temperatures. Especially the
Hexamethylbenzene peak was very broad, and asiseigure G.2 the peak area varies
significantly between measurements. Overall, tisellte obtained before and after the rig was
rebuilt were similar enough that the same trendewapparent. It should be noted that even if
the hexamethylbenzene signal is higher on the PQ0delumn for these experiments, the

general trend appeared to show the opposite.
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—— PONA —— PLOT-Q

20+ 10- 40+ 40
= Methane ] c3 W
S c2 30 30-
z ] - - ca
= 101
(8] 4
8 ] ]
2 _&Q , 101 10
0 T 1 0 T 1 0 T 1 0 T 1
0 10 20 O 10 20 0 10 20 O 10 20
TOS (h) TOS (h) TOS (h) TOS (h)
20+ 20+ 10+ 10+
C5 C6'1O Penta_MB Hexa-MB
42‘ i
'S 104 104 i i? ﬁ
= ] ]
3 %
<] J ]
n
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TOS (h) TOS (h) TOS (h) TOS (h)

Fig. G.2: Selectivities of the same experiments as showigime G.1. Note the differences in

Y-axis scale.
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H. Use of quartz dilution

During many of the catalytic tests performed irsthiork, the catalyst was diluted with 1:5
parts quartz. The reason for using quartz was i e larger catalyst bed (as per the
recommendations of Dautzenbefd, but it was found that analysis of spent catalyas
made difficult by its presence. However, in hinti$ig appears that the quartz did not have
much influence on the results of testing, as shbwihe two experiments in figure H.1. Both
tests are of sample P/L at 450 °C and WHSV 0.93blut one is performed without quartz

dilution. No significant differences in the seledies were found either.

100, —o— No quartz dilution

—v— w/quartz dilution

90
80
70
60
505\
40

30+
204

Conversion (%)

10+

0 T T T T T T T T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20

TOS (h)

Fig. H.1: Conversion vs TOS for PONA and PLOT-Q system
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I. Some characteristics of the catalytic testing setup

Temperature gradients in the reactor oven

In order to ensure that the catalyst bed was plat@dposition in the oven where temperature
was stable during catalytic tests, measurementseofemperature gradients in the oven that
would be used were performed. Figure 1.1 displéngstemperature of the oven when set to
368 °C (insulated as would be done for a catakgst) as a function of the distance from the
bottom of the oven. As the highest and most stebigerature was found between 5 and 6
cm from the bottom, a reactor was constructed wtiereatalyst bed would always be placed
at this height.

365-

360- a bR, 1

g 5 a
: ° 2

—~ 355 a 5 g
e s " o 1
w [ |
S 3501 * o1
m [ |
B E 4 o 7
= 2 .
£ 345. Measurement no. "y
& g L n 1 .

3404 ©2

A A 3
335 T T T T T 1
1 3 5 7 9 11

Distance from bottom (cm)

Fig. 1.1: Temperature as a function of the height from tbgadm in the oven used to heat the

catalyst bed during catalytic experiments.
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Latency and mixing of feed

After the rig was rebuilt to match the scheme shawiigure 14.1, a measurement of the time
required for a fresh reactant to reach the catalgst performed by switching from a pure

oxygen feed to a pure helium feed. The flow ratéhefhelium was 15 ml/min. MS signals of

both gases are shown in figure 1.2 as a functioinefrelative time after switch, both on linear

and logarithmic scales. It was found that closerte minute passed before the helium signal
started to increase. While the long tube from th&ctor to the MS probably increased the
time before detection it was also found that durisgitching trials hardly any*C

hydrocarbons was found in the effluent after 3®ads.

5,0x10’

4,0x10" -
3,0x10'

2,0x10’ -

MS signal (a.u)
MS signal (a.u)

1,0x10'1 |[:

0,04

'110)(107 T T T T T T T 7F T 1 107+ i T i T T T i s i 1
0 500 1000 1500 3000 4000 0 500 1000 1500 3000 4000

Relative Time (s) Relative Time (s)

Fig. 1.2: Signal by MS of He and {grom the outlet of the catalytic reactor afterdtsh from

the latter gas to the former.

In addition to the delay before fresh feed contabts catalyst, it was also found that a
significant amount of time passed before the atiespin the reactor achieved equilibrium.
From the first detection of helium entering theteys, a period of ~2 minutes followed where
oxygen and helium was mixed, and even after thiglpen hour passes before complete the
oxygen is completely removed from the reactor. Witlile partial pressure of oxygen can be

assumed negligible after a few minutes, the red@adly qualifies as a plug-flow reactor.
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J. Conversion and selectivity data from co-feeding

Tables J.1, J.2 and J.3 display the conversion sabektivity of the co-reaction between

benzene and methanol discussed in chapter 15.4& three tables show the results at all

temperatures after 5, 45 and 85 minutes on stresspectively.

Table J.1: Effluent composition after co-feeding methanol &edzene for 5min.

T | Conv. Aliphatics Aromatics
(°C)| %) | c1 Cc2 C3 C4 C5 C6+ Toluene Other
230| 0,12 | 0,75 0,00 242 6,38 246 0,00 72,58 15,40
250 0,22 | 0,33 0,49 240 7,67 2,76 0,00 75,75 10,60
270| 0,47 | 0,12 046 188 9,32 350 0,00 77,48 7,25
285| 0,80 | 0,15 0,97 285 16,57 592 0,00 64,38 9,16
300 1,35 | 0,22 0,9 2,79 12,25 4,08 0,00 66,57 13,13
315| 256 | 0,10 192 466 1261 4,81 0,50 48,50 26,90
330 | 409 | 0,10 2,44 549 13,09 475 0,51 43,86 29,77
350| 5,02 | 020 263 6,18 1534 578 1,45 47,26 21,17
Table J.2: Effluent composition after co-feeding methanol &edzene for ~ 45min.
T | Conv. Aliphatics Aromatics

(C)| % | c1 c2 C3 C4 C5 C6+| Toluene  Other
230| 0,30 | 1,20 0,79 2,16 36,51 14,00 0,00 23,40 22,05
250 0,33 | 0,00 050 1,63 29,22 10,98 0,00 39,04 18,64
270| 0,54 | 0,17 051 193 26,11 10,49 0,00 51,22 9,56
285| 0,83 | 0,19 0,72 231 1835 6,97 0,00 54,04 17,42
300 1,06 | 0,29 1,04 2,77 1510 5,59 0,00 65,79 9,50
315 19 | 0,13 123 291 1244 456 0,43 57,96 20,34
330 | 3,23 | 0,17 1,49 3,74 13,35 462 0,52 53,87 22,24
350| 4,04 | 0,20 1,83 4,61 1508 544 0,86 52,51 19,46
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Table J.3: Effluent composition after co-feeding methanol &edzene for ~ 80min.

T | Conv. Aliphatics Aromatics

(°C)| (%) | c1 Cc2 C3 C4 C5 C6+| Toluene  Other
230| 0,36 | 0,85 052 1,79 37,22 1550 0,00 13,40 30,73
250| 0,33 | 0,27 0,38 1,33 32,11 12,63 0,00 36,46 16,82
270| 0,46 | 0,18 0,46 200 22,38 898 0,00 59,38 6,61
285| 0,72 | 0,21 0,85 218 1881 7,01 0,00 61,62 9,32
300 0,99 | 0,20 0,88 240 14,82 541 0,00 69,07 7,22
315| 1,87 | 0,15 0,89 247 11,87 424 025 61,22 18,91
330| 3,02 | 023 124 331 1253 451 050 56,94 20,73
350| 3,70 | 0,20 1,60 4,09 1519 531 056 54,21 18,83
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K. List of chemicals used

Chemical

Catapal B

Ludox® AS-40
Cab-O-Sil M5
Orthophosphoric acid
Tri-n-propylamine
Triethylamine
Cyclohexylamine
Al-iPr

Methanol

Benzene

13C methanol

HF

CH2CI2
Hexamethylbenzene
Durene (1,2,4,5-TMB)
COgas (3.7)

He gas (5.0)

H, gas (4.5)

N, gas

O, gas

Manufacturer
SASOL / Vista
Sigma-Aldrich
Riedel-de Haén

Merck

Fluka

Fluka

Fluka Analytical
Fluka

VWR / Prolabo
Riedel-de Haén

Cambridge Isotope Laboratories
Merck

VWR / Prolabo

Aldrich

Fluka

AGA

AGA

AGA

AGA

AGA

Purity

85 %
>98 %
>99.5 %

>99 %
>98 %

99.8%

>99.5 %

>99 %
40 % in HO
99.8 %
99 %
Purum
99.97 %
99.999 %

99.995 %
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