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Abstract

Methanol dehydration is currently of industrial interest as a means of dimethyl ether
production. Pertinently, dimethyl ether may be used as an alternative LPG fuel.
This reaction is acid catalysed and in this study a number of microporous catalysts,
containing the unique MFI framework structure, have been investigated. Attention
has also been directed towards the application of binders and their effects.

Temperature ranges for selective dimethyl ether formation were found to be 150-
275 °C over H-ZSM-5, 300-350 °C over Na-ZSM-5 and 150-350 °C over y-Al,03
catalysts (where ZSM-5 = MFI zeolites). Comparison of commercial ZSM-5
materials with a wide range of SiO,/Al,O3 ratios (23-1500) showed methanol
dehydration to increase with increasing framework aluminium content. B-MFI, Fe-
MFI and Ga-MFI zeotypes were synthesised for comparison to zeolites. !B and
"Ga MAS-NMR measurements showed boron and gallium to be tetrahedrally
coordinated within their MFI frameworks. The following ranking of methanol
dehydration activity: Al > Ga > Fe > B was observed. Large scale zeolite and
zeotype applications require the use of binders such as silicas and aluminas to
provide desirable physical properties. Despite their necessity in scale-up, zeolite
binding and its effects have been largely ignored and there is a general
misconception that they are inert components. Silica binders were found to
decrease the activity of the catalyst by dilution, alkali metal poisoning and pore
filling. Sodium content had a stronger negative effect than binder dilution and pore
blockage on the methanol dehydration activity. Furthermore, increasing sodium
content resulted in decreasing extra-framework aluminium formation. Arrenhius
plots of sodium-exchanged zeolites showed increasing sodium content to decrease
the number of zeolite active sites. The methanol dehydration activity of H-ZSM-5
(1500) was increased in the presence of an alumina binder and the method of
binding had little effect on the catalytic activity. A small degree of aluminium
insertion into the zeolite framework was indicated by *’Al and ?°Si MAS-NMR in
bound and aluminium impregnated systems. ?’Al and ?°Si MAS-NMR also showed
the change of the nature of active sites in Arrenhius plots of extremely calcined and
extremely steamed aluminium-impregnated ZSM-5 (1500) catalysts to be the result

of zeolite dealumination.
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1 Introduction

1.1 Introduction to inorganic molecular sieves

Molecular sieve is a general term, most synonymous with zeolites, used to
describe any material with properties sufficient to selectively filter chemicals on the
molecular scale. More specifically, the property required is well defined
microporosity (pores < 20 A in diameter) which can be inherent to materials such
as zeolites, charcoals, silicas and MOFs (Metal-Organic Frameworks). Of these

materials, zeolites and isostructural zeotypes will be the focus of this body of work.

1.1.1 Zeolites and MFI

An account of the history of zeolites is given by Masters and Maschmeyer [1].
Zeolites were first reported in ca. 1756 by A. F. Cronsted but it was not until 1948
and the development of the hydrothermal zeolite synthesis method by Barrer that
zeolites found wider application. A wide variety of unique framework structures
have been recognised and new framework types continue to be discovered (Fig.

1.1) with a steady increase being observed since 1998.

Zeolites are microporous crystalline aluminosilicate materials whose framework
comprises extended networks of corner sharing TO,4 tetrahedral units where T =
silicon or aluminium. As a general rule, aluminium tetrahedra cannot corner share
with other aluminium tetrahedra because of bond strain and will not generally be
found neighbouring one another [2]. Corner-sharing silicon tetrahedra are
electrically neutral but aluminium tetrahedra are negatively charged and must be
compensated with a cationic species, typically alkali metal cations or protons. It is
this required charge compensation that provides zeolites with cation-exchange
properties. Zeolite cation-exchange is the most utilised property of zeolites
worldwide where zeolites are used as water softeners, where harder polyvalent
cations preferentially exchange with the softer sodium cations of the zeolite. On the
other hand, protonic zeolites may be used as solid acid catalysts for a wide variety
of chemical reactions vide infra. In use as acid catalysts, the extent of hydration

determines the proportions of Brénsted or Lewis acidity (Fig 1.2).
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Figure 1.1: Zeolite framework recognition timeline. Data up to 2001 were obtained
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Figure 1.2: Postulated framework silica-alumina acid sites. This figure was

obtained from ref. [5].

Of particular interest in this study are zeolites and zeotypes of the MFI (Mobil Five)

unit cell structure.



The synthesis of ZSM-5 (Zeolite Socony Mobil Five) which possesses the MFI
structure, was patented in 1969 [6] and was originally thought to be a purely
synthetic zeolite. Subsequently, a natural analogue has been found at Mt.

Adamson in Antarctica and was named Mutinaite [7,8].

ZSM-5 is of key importance to the petrochemical industry because of its unique
pore structure (Fig. 1.3). The 3D porous network is constructed of straight vertical
channels of diameter ca. {5.3 A — 5.6 A} and horizontal/sinusoidal channels ca. {5.1
A — 5.5 A} in diameter. Shape selective catalytic properties of ZSM-5 catalysts
arise from these structural features [9,10] whereby the narrow channel dimensions
can: exclude large molecules from even entering the pore network; restrict the
diffusion of molecules through the network to varying extents; sterically hinder
transition states and consequently change the catalyst activity and product
distribution. Notably, ZSM-5 is believed to be relatively coke resistant due to the

steric constraints imposed by the channel structure [11].

Straight: {5.3 - 5.6A}, sinusoidal: {5.1 - 5.5A} diameters.

Mkrn+ [Sigs_nAlnolgzln.xH 20

where, M = Counter-ion Orthorhombic:
n=k*m a=B=y=90.0°
A
i L
Monoclinic:
a#pB=y=90.0°
a 4 a Where, a = 90.6°
/B

Figure 1.3: An orthorhombic MFI channel structure schematic. This figure was

adapted from ref. [12].

1.1.2 Zeotypes and MFI

Zeotypes are isostructural with zeolites but contain framework elements other than

(or in addition to) silicon, aluminium and oxygen. Examples of zeotypes include
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AIPO-34 - an aluminium phosphate with the structure of chabazite [13] and [Ga-Al-

Si-O]-FAU - a galloaluminosilicate with the faujasite structure [14].

A wide variety of MFI materials may be synthesised where the inclusion of non-
aluminosilicate framework components can allow for an increase in the breadth of
chemistry beyond ion-exchange, molecular sieving and acid/base catalysis. In
particular, this can include redox chemistry. TS-1 (titanosilicalite-1) is a Ti-MFI
zeotype [15] which can be applied to a wide variety of industrially relevant selective
oxidation reactions including phenol hydroxylation, propylene epoxidation and
cyclohexanone ammoximation when used with hydrogen peroxide [16,17]. The use
of TS-1 could be greatly beneficial in the aqueous cyclohexanone ammoximation
process particularly as TS-1/H,0, can provide high selectivities and the reactant,
H.O,, decomposes to water reducing the requirement of waste treatment [18]. The
active species is believed to be framework titanium species [19] where extra-
framework titanium is believed to activate the H,O, selectively rather than
undertake selective oxidation reactions [20]. However, the role of extra-framework
titanium species has been recently complicated [21] with results indicating a
synergetic effect between framework titanium and low levels of extra-framework

anatase-like titanium species.

Although synthesised as zeotype materials, the redox active species of Fe-MFI and

Ga-MFI zeotypes are believed to be extra-framework [22-24].

1.2 Introduction to binders

Binders are required as an adhesive to aggregate materials allowing them to be

formed into bodies of desirable shape and size (Fig. 1.4).
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Figure 1.4: Shaped catalysts. This figure was kindly provided by BP Chemicals
Ltd.

Commonly both organic (e.g. polymerised alcohols, cellulose ethers, glycols etc.)
and inorganic (silicas, aluminas and clays etc.) binders are suitable for this task
[25]. However, only common inorganic binders are sufficiently abundant, cheap
and physically robust (following thermal treatment) for large scale petrochemical
processing. The physical durability of thermally processed inorganic binders is
imparted by inter-particle cross-linking via dehydration of terminal hydroxyl groups
[26]. This cross-linking may not be exclusive to the binder phase and may also

include zeolite or zeotype components.

The primary functions of a binder are to: increase control over catalyst body shape
and size; increase mechanical strength and increase attrition resistance where
necessary. Despite their perceived chemically inert properties, a number of effects
of binders upon catalytic performance have been recently reviewed [27] and sub-

divided into the following categories:

(i) modification of the catalyst coking characteristics,

(if) entrapment of poisons,

(i) transfer of chemical species to or from the active phase,

(iv) modification of heat transfer/thermal characteristics



(v) modification of porosity characteristics,

(vi) improvement of physical durability.

It may be overly simplistic to make these sub-divisions because of the possibility of
inter-relationship between them. For example, the transfer of chemical species to

or from the active phase may impact upon the coking characteristics.

Of the typical inorganic binders previously mentioned, silicas and aluminas are of
particular interest in this study.

1.2.1 Silica

Silicas are one of the most abundant minerals in the Earth’s crust and exhibit a rich

diversity of structures (Fig. 1.5).
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Figure 1.5: The pressure and temperature dependent phase diagram of SiO,. This

figure was taken from ref. [28]

Silica may form several polymorphs (Fig. 1.5) but are commonly found as glasses
better described as continuous random networks (Fig. 1.6). These networks,

although not displaying long-range order, may exhibit short-range order where 4-7
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member ring structures are preferentially formed. The short range order may even
be close to that of the crystalline forms [30]. However, long-range order is not
generally observed because of the freedom of rotation around the bridging oxygen

atoms during the crystallisation process.

Figure 1.6: A typical random network from the Zachariasen model for a 2D A,O3

glass (where A = Trivalent cation). This figure was obtained from ref. [29].

Silicas applied to catalysis are typically prepared by dissolving alkali metal silicates
(e.g. ortho-, meta- and phyllosilicates). Acid dissolution forms silicic acid which may
undergo self-condensation to form silica hydrogel. Basic dissolution, with
appropriate pH control, may form sols or (with drying) hydrogels. Both hydrogels
and sols are common catalyst binders. Calcination of the hydrogel or sol results in
a porous silica xerogel. This xerogel is the porous silica matrix of a silica-bound

catalyst [31]. Further structural, textural and catalytic properties will be described in



chapter 5 but it is widely considered that silica matrices are inactive in most

petrochemical processes.

1.2.2 Alumina

Aluminium oxides are also abundant minerals with a rich diversity of structures
(Fig.1.7). Corundum, or a-Al,O3 is commonly employed as an abrasive because of
its high mechanical strength and is a common constituent of ceramics. Gibbsite,
boehmite and bayerite may be used as zeolite binding materials, which following
partial dehydration may form transitional aluminas (chi, eta, gamma, kappa or theta
depending on the source) which have desirable chemical and physical properties

for use in petrochemical catalysts.

Conditions favoring transformations

Conditions Path a Path b
Pressure, atm > 1 1
Atmosphere Moist air Dry air
Heating rate, °C/min > 1 Z 1
Particle size, um > 100 <10

b
Gibbsite Chi Kappa Alphu?
i
f Boehmite Gamma Delta Theta Alpha%
I\
- b
E Bayerite —- Eta > Theta l/\]phu}
Diaspore Alpha i
| | | | | | | | | | l |
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Temperature, °C

Figure 1.7: The temperature dependent phase diagram of alumina. This figure was

obtained from ref. [31].



Of specific interest in this study are boehmite and y-Al,O3. Boehmite, a commonly
employed binder and alumina precursor, may be produced from gibbsite which is
produced by the Bayer Process. This involves dissolution of bauxite (aluminium
ore) in sodium hydroxide at ca. 175 °C to produce a mixture of Al(OH)3(aq and ‘red
mud’. ‘Red mud’, so named because of its high iron oxide content, is removed by
filtration and disposed of whilst the Al(OH)saq precipitates upon cooling to form
gibbsite. The layered structure of boehmite is built from distorted edge-sharing
[AlOg] octahedra [32] (Fig. 1.8).

HBCL—C—*+&
~ .‘. c -
Figure 1.8: Boehmite crystal structure. Grey = Aluminium, Red = Oxygen and

White = Hydrogen. This figure was obtained from ref. [33].

Boehmite may be transformed into mesoporous y-Al,O3; by calcination. Further
structural, textural and catalytic properties will be described in chapter 6 but it is
generally accepted that alumina matrices are catalytically active particularly where

Lewis acidity can impact upon a reaction.



1.2.3 Binder-free zeolites

Although binders are generally required for the production of technical catalysts,
macrosized binder-free zeolite catalysts may be produced with sufficient durability
for use in some reactor systems. This has been achieved by grafting the zeolite to
a support using partial dissolution [34] and the hydrothermal crystallisation of pre-
formed zeolite precursor extrudates [35]. Ozcan and Kalipclar prepared a non-
zeolitic extrudate consisting of HEC (Hemi-Ethyl Cellulose) solution and
amorphous aluminosilicate powder. Following drying at room temperature and
calcination to remove the HEC organic binder the extrudates were subjected to
hydrothermal crystallisation, converting the amorphous aluminosilicate into zeolite
A. It was proposed that the zeolite A extrudates retained their shape and moderate
mechanical strength because of the rapid growth and intergrowth of zeolite A
crystals and the slow dissolution of the amorphous precursor. The crush strength
of the extrudates following zeolitisation may be as high as 0.4 MPa for samples
calcined at 600 °C. It should also be noted that zeolite crystals formed on the
external surfaces of the extrudate have undergone more extensive crystallisation
than those of the internal surfaces presumably because of diffusion limitations

during the crystallisation treatment.

1.2.4 Bound zeolite catalysis

Despite the existence of binder-free zeolite catalysts, technical catalysts are
required to be much more physically robust with a prime example being FCC
(Fluidised Catalytic Cracking) catalysts. In catalysis, the largest use of zeolites is
the use of highly tailored zeolite Y (faujasite) containing catalysts for FCC of crude
oil fractions [36]. Heavier fractions are cracked to more valuable lighter fractions
and this process is currently undertaken in riser reactors (Fig. 1.9) with fluidised

catalyst beds.

10



Products -t —

Flue gas
Reactor

Steam
1

Transfer
/ line reactor

Regenerator

Figure 1.9: A typical FCC riser-regenerator reactor. This figure was obtained from
ref. [31].

In a riser reactor, the feed is vaporised and contacted with the fluidised catalyst
bed. The catalyst cracks the fraction and the new lighter products are collected at
the top of the reactor. Cracking rapidly cokes the FCC catalyst, resulting in
deactivation after which the bed is then cycled through a steam regenerator and
back to the riser. In order to fluidise the bed, catalyst particles must be small and
consistently sized to be circulated through the reactor. To achieve this, the
catalysts are prepared by spray-drying. Furthermore, the extreme conditions,
coupled with the high velocity circulation of the catalyst bed in FCC processing,
requires the catalysts to be very robust. Both the mechanical strength towards
impact and attrition resistance towards grinding have a major impact on the lifetime
of the FCC catalyst [37]. These catalysts typically contain 10 - 50 wt. % zeolite, 50
- 90 wt. % matrix and 0 - 10 wt. % additives [38]. The relatively high matrix to

zeolite content may be surprising given that the matrix is relatively chemically

11



inactive but it is essential for shaping/sizing, physical durability, heat and mass

transfer and ultimately optimisation of catalyst performance [27].

The literature documenting binder effects is sparse for methanol dehydration. The
work of Vishwanathan et al. [39] investigated the use of partially sodium-
exchanged H-ZSM-5 catalysts for methanol dehydration of crude (20 - 30 % water
containing) methanol. They observed that high-silica zeolites such as ZSM-5 are
both more active and hydrophobic than typical y-Al,Os; dehydration catalysts.
Sodium-modified zeolites were completely selective to DME between 230-340 °C.
The lack of coke and hydrocarbon formation at higher temperatures was attributed
to the neutralisation of strong acid sites following partial sodium-exchange.
Competitive adsorption of water to dehydration catalysts is a major issue and water
content in the feed is minimised because of this, by expensive distillation.
Furthermore, if high-silica zeolites are more tolerant to the effects of competitive
methanol and water adsorption than aluminas, the use of zeolites may ultimately
lead to decreased running costs Continuation of this research extended into the
inclusion of an alumina binder [40]. In addition to the partial sodium-exchange,
dispersion of the zeolite component through the alumina matrix allows the alumina
to act as a heat sink. This prevents the formation of localised hotspots and
therefore more extensive reaction leading to hydrocarbon formation even at

temperatures as high as 380 °C.

1.3 Dimethyl ether production

1.3.1 Methanol dehydration

Methanol dehydration is currently the most common method of dimethyl ether
production. Its production is currently of widespread interest because of its
potential use as an alternative (clean burning) fuel, aerosol propellant and
refrigerant [41,42].

Methanol dehydration is an exothermic process and two regimes may be
envisaged (Fig 1.10):
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2CH,0H 5 (CH,),0 +H,0 AH=-23.5 ki/mol * (1)
No molar expansion (all ideal gas phase, at 298 K and 101325 Pa)

Equilibrium mixture = {CH,},+nH,0  AH;=-ve (2)
Exothermicity and molar expansion
both depend upon product distribution

Figure 1.10: Methanol dehydration reaction scheme. * the AH; values were

determined from ref. [43].

Regime (1) is the lower temperature methanol dehydration to dimethyl ether
reaction and regime (2) is the higher temperature hydrocarbon formation reaction.
Both methanol and dimethyl ether may be converted to hydrocarbons with

increasing temperature [44].

The methanol dehydration to dimethyl ether reaction mechanism is believed to
proceed via the bi-molecular interaction of adsorbed species. Knézinger et al.
believed the mechanism to proceed sequentially via the interaction of aluminium
alkoxide species with neighbouring molecularly adsorbed methanol over alumina
[45]. Recently, computational studies by Carr and co-workers suggested a route
from neighbouring adsorbed methanol molecules to occur over Keggin
polyoxometallate clusters and H-BEA zeolite [46]. The work of Ha et al. refers to
the range of proposed reaction pathways for methanol dehydration to dimethyl
ether [47]. Their own findings, over Brénsted acid sites, were consistent with a
proposed sequential pathway with dimethyl ether formation occurring via the
condensation of adsorbed methyl carboxonium cations (Zeo™ - CH3OH,") with

adsorbed carbenium ions (Zeo - CH3").

1.3.2 Syngas to dimethyl ether

An alternative to methanol dehydration as a means of dimethyl ether production is
the direct syn-gas to dimethyl ether process which may employ a composite of
modified H-ZSM-5 and methanol synthesis catalyst (Cu/ZnO/Al,O3) [48,49]. DME
production from syngas may become more cost effective than methanol

13



dehydration as the technology matures [50]. However, optimisation of the process

and the bifunctionality of the hybrid catalyst would not be trivial [51].

1.4 Scope of thesis

This thesis aims to establish: reaction conditions for methanol conversion to
dimethyl ether; which of B-MFI, Al-MFI, Fe-MFI and Ga-MFI solid acid catalysts
provides the greatest selective methanol conversion rate and the effects of silica-
sol and boehmite binding. In addition to the binding studies, partially sodium-
exchanged and aluminium-impregnated zeolites were studied to differentiate the
effects of sodium content and extra-framework aluminium species from those of
the binder materials. As noted in a recent review, the effects of binders on zeolite
catalysis are generally underappreciated by the academic community and further

elucidation of their behaviour is of interest [27].
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2 Experimental

This chapter covers all of the work undertaken in addition to specific experimental
details which will accompany results where necessary. All zeolites and zeotypes
studied were of MFI framework type and as such the ZSM-5 or MFI descriptors are

generally omitted.

The following tables collate all of the zeolite materials studied (Table 2.1), binder
materials employed (Table 2.2) and all the gases and solutions used for catalytic
testing and material analyses and syntheses (Table 2.3). All zeolites and binders
were obtained from commercial suppliers. Some zeolites were procured directly
from the manufacturers whereas others were supplied by BP Chemicals. Ltd.
Zeotypes were hydrothermally synthesised in-house as will be described in section
2.3.

Zeolite ZSM-5 Description Manufacturer/Supplier Alkali metal content

Material (wt. %)
CBV 2314 NH4(23) BP Chemicals Ltd. <0.05
CBV 5524G NH4(50) Zeolyst International <0.05
CBV 8014 NH4(80) BP Chemicals Ltd. <0.05
CBV 28014 NH,4(280) BP Chemicals Ltd. <0.05
HSZ-890HOA Na(1500) Tosoh International <0.07

Table 2.1: Zeolite materials. NH; and Na denote the zeolite charge balancing
counter ions (NH;" or Na*), the values in brackets correspond to the SiO2/Al,Os
ratio provided by the manufacturer or supplier and the alkali metal contents

correspond to those provided by the supplier.
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Binder Material Manufacturer/Supplier Alkali metal

content (wt. %)

Ludox AS-40 colloidal silica Sigma-Aldrich 0.05*
Ludox HS-40 colloidal silica Sigma-Aldrich 0.24*
Pural SCF 55 (boehmite) Sasol / BP Chemicals Ltd. <0.01

Table 2.2: Binder materials. * = sodium content as determined by flame
photometry of the dried gel.

The binder materials include two colloidal silica (in water) sols; Ludox AS-40 (NH4"
counter ion) and Ludox HS-40 (Na" counter ion) which are common precursors to
silica matrices and Pural SCF 55 (a common boehmite precursor to transitional
alumina catalysts). Both Ludox colloidal suspensions contained 40 wt. % silica in

H.O. The alkali metal contents correspond to those provided by the supplier except
where stated.
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Gases, liquids

and solution

Content

Manufacturer/

Supplier

Pureshield Ar, 2 99.998 % BOC Carrier gas, in situ
Argon pure PXRD
OFN (Oxygen N2, = 99.998 % BOC Surface area and
Free Nitrogen) pure thermal analyses
He He, = 99.998 % BOC Surface area analysis
pure
Air 21 £ 0.5 % Oy, BOC Thermal analysis
N, balance
H2/N> 5 % Hy, N> BOC Thermal analysis
balance
O,/Ar 2 % O, Ar BOC Thermal analysis
balance
MeOH Methanol = 99.8 Sigma-Aldrich Catalytic test reactant
%
DME DME, = 99.8 % BOC Reaction product
pure calibration
CDCls CDCl3, 299.8%  Oxford Isotope 'H- liquid-NMR
pure Laboratories standard/solvent
AI(NO3)3 .9H,0 2 98 % pure Sigma-Aldrich Aluminium

impregnation

Standard

sodium solution

1000 ppm
NaNO3z in 1M

Fisher Scientific

Flame photometry
calibration

Table 2.3: Gases, liquids and solutions.
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2.1 Catalyst preparation

Catalyst preparation is summarised in the following sections as well as briefly in
experimental captions which will accompany relevant results and discussion

chapters.

2.1.1 lon-exchange

All ion-exchange treatments were carried out using NH4NO3s) (BDH 99.5 %) or
NaNOgzs) (Hopkin and Williams 99.5 %) dissolved in appropriate quantities of
deionised H,0O. Na'-forms were produced via a treble exchange with 1M (pH 7)
NaNOsnq at room temperature for 1 h; NH4'-forms were produced via a treble
exchange with 1M (pH 5) NH4NOg3q at room temperature for 1 h for each
exchange. Partial Na'-exchange was achieved using 0.05M or 1M (pH 7)
NaNOszaq) and a single exchange procedure at room temperature for 1 h. Solutions
were vacuum filtered through ashless Whatman No. 542 filter paper and the
residue was washed repeatedly with deionised H,O and oven dried at 110 °C
overnight. The supplied zeolites of NH4'-form underwent no ion-exchange prior to

the production of the H*-form.

2.1.2 Impregnation

Aluminium impregnated NHj4'-form silicalite, NH4AI(1500), was prepared via
incipient wetness impregnation of 1M AI(NO3)3ag), PH = 2.5. The inclusion of ‘Al
denotes impregnated samples. A nominal loading of 4 wt. % aluminium was
applied. The material was then oven dried overnight at 110 °C. CHN elemental
analyses provided an aluminium loading of 4.59 + 0.07 wt. % on NH4(1500) — as

determined by CHN elemental analyses via nitrate content (see section 6.3.1).

2.1.3 Pelleting and sieving

All samples were pelleted under 2.25 tonnes/cm? pressure using a 13 mm i.d.
Specac stainless steel die prior to sieving to between 250-425 pm and then
calcination. Material not within the 250-425 um sieving fraction was recycled into

additional pellets. Tests undertaken demonstrated that inclusion of the pelleting
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step had no observable effect on the catalytic activity or crystallinity of the pressed
materials although a decrease in mesoporosity of the silica materials was observed

(see section. 5.1.2).

2.1.4 Calcination and steaming

Following pelleting and sieving, materials were calcined in a horizontal Carbolite
MTF 12/38/400 furnace with quartz furnace tube and quartz calcination boat. All
calcinations were carried out under an air flow of 10 mL/min. Calcination employed
a temperature programme of room temperature to 550 °C at 10 °C/min and
followed by holding at 550 °C for 4 h. Extreme calcination required a temperature
programme of room temperature to 750 °C at 10 °C/min followed by holding at 750
°C for 72 h. Samples were allowed to cool in the furnace under an air flow.
Calcination boat packing, as observed in Fig. 2.1 was undertaken to minimise the
effects of deep-bed steaming (a source of calcined sample inhomogeniety). Steam
is evolved from samples during calcination; steam evolved from the bottom of the
bed must pass through the material above it. As will be shown in chapters 5 and 6,
steam can cause significant changes in the materials included in this study. As
such, a shallow bed serves to minimise the differing extents of steaming

throughout the material during calcination.

<Smm
Tube furnace
Quartz turnace tube
Calcinationboat Sample

Figure 2.1: Calcination boat. (Schematic not to scale). By minimising calcination
bed depth; deep-bed steaming (a source of calcined sample inhomogeniety) is also

minimised.

A horizontal fixed-bed plug-flow reactor was employed to undertake all steaming

preparations (Fig. 2.2). The catalyst materials, prior to steaming, were sieved to a
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particle size of 250-425 ym and calcined at 550 °C for 4 h. Ar carrier gas (20
mL/min) was bubbled through deionised H,O at 85 °C to produce an approximately
1/2 H,0 in Ar gas mixture (Fig. 2.3).

Ar cylinder and MFC

controller Catalyst Horizontal Carbolite

MTF tube furnace

Porous frit
Quartz reactor tube

Water trap
Insulated oil bath
Deionised water

Ice bath

Magnetic stirring bar

Hotplate-stirrer with

attached feedback
R thermocouple

Figure 2.2: Steaming reactor. (Schematic not to scale).

The mass of H,O in the bubbler prior to commencement of the steaming
treatments was ca. 40 g. Steaming required a temperature programme of room
temperature to 550 °C at 10 °C/min followed by holding at 550 °C for 4 h. Extreme
steaming required a temperature programme of room temperature to 750 °C at 10
°C/min followed by holding at 750 °C for 72 h. Once either temperature programme
was completed, the sample was allowed to cool under continued Ar flow and the

bubbler was cooled with an ice bath.
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H,O: Vapour pressure (kPa) against temperature (°C)

110 Jl
100
--Vapour pressure (kPa) /

90

Vapour pressure (kPa)

20

10

70 75 80 85 90 95 100
Temperature (°C)

Figure 2.3: Water vapour pressure graph. This information was taken from ref [1].
H.O vapour pressure increases with increasing temperature towards its boiling

point.

Thermally or hydrothermally treated samples are named such that their treatment
is stated at the end of their name, for example — H(23) 550 4 h. The treatments are

summarised in Table 2.4.

Material Description

5504 h Calcined at 550 °C for 4 h

Steamed Steamed at 550 °C for 4 h

75072 h Calcined at 750 °C for 72 h
Extremely steamed Steamed at 750°C for 72 h*

Table 2.4: Sample treatment nomenclature. * = It should be noted that during the

extreme steaming, all of the H,O within the bubbler was evaporated after ca. 6 h.
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2.2 Bound zeolite preparation

Silica-bound and alumina-bound zeolites were prepared by different routes. For
silica-bound catalysts, a series of binder-zeolite mixtures were prepared to
examine the effects of the binder dilution on the resultant catalyst. For the alumina-
bound catalysts, three different binder-zeolite mixing methods were employed to
examine the effects of the mixing method on the properties of the resultant
catalyst. These were dry-mull mixing, wet-mull mixing and peptisation. Once
pelleted and sieved, the bound materials were calcined. An additional steaming
treatment was also applied to samples where stated.

2.2.1 Silica binding

Binding with silica sol was achieved by gradual addition of appropriate quantities of
uncalcined and unpelleted zeolite into a hand-stirred beaker of silica/water sol of
which mixing continued for approx. 5 mins until visibly homogeneous. Manual
mixing was employed because of the differing viscosities of the mixtures. Samples
were dried overnight at 110 °C, pelleted and sieved. The resultant silica-bound
catalysts possessed activated zeolite contents of 75 wt. %, 50 wt. %, 25 wt. % and
12.5 wt. %.

2.2.2 Dry-mull mixing

Dry-mull mixing required the physical mixing of appropriate dry mass percentages
of uncalcined binder and zeolite. This was done initially in a sealed Pyrex® beaker
in which the mixture was shaken by hand for approx. 5 mins until visably

homogeneous prior to dry-mulling using a mortar and pestle, pelleting and sieving.

2.2.3 Wet-mull mixing

Wet-mull mixing required the physical mixing of appropriate dry mass percentages
of uncalcined binder and zeolite. This was done initially in a sealed Pyrex® beaker
in which the mixture was shaken by hand for approx. 5 mins until visably

homogeneous prior to incipient wetness mulling with deionised H,O using a mortar
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and pestle. This was followed by oven drying overnight at 110 °C, pelleting and

sieving.

2.2.4 Peptisation

Peptisation of a silicalite/lboehmite mixture was carried out following a procedure
adapted from ref. [2]. A dry mass mixture of 15.00 g of NH4(1500) and 15.00 g of
boehmite was shaken in a sealed Pyrex® beaker for approx. 5 mins until visibly
homogeneous, slurried using 30.0 mL of deionised H,0 then peptised by dropwise
addition of 5.25 mL of 7 wt. % HNO3q) to produce a thick paste. This was followed
by drying overnight at 110 °C, pelleting and sieving.

2.3 Zeotype syntheses

All MFI framework zeotypes, B-, Ga- and Fe-, were hydrothermally synthesised in
PTFE-lined autoclaves. Template removal was via calcination of the washed and
dried as-synthesised materials. lon-exchange to the NH4'-form, pelleting and
sieving, then an additional calcination produced the H*-form prior to catalytic

testing. All zeotype synthesis reagents are included in Table 2.5.

Precursor Material Description Manufacturer/Supplier
1. Sodium metasilicate Na,SiO3 9H,0 = 98 % Sigma-Aldrich
2. Fumed silica Si0, 299.80 % Sigma-Aldrich
3. Boric acid B(OH)3; > 99 % Sigma-Aldrich
4. Gallium nitrate Ga(NO3)3.9H,0 299.9 % Sigma-Aldrich
nonahydrate
5. Iron(lll) sulfate hydrate = Fey(SO4)3.xH20 =2 97 % Sigma-Aldrich
6. Sulfuric acid H2SO4aq) > 95 % Fisher Scientific
7. Sodium hydroxide NaOH = 98 % Sigma-Aldrich
8. Tetrapropylammonium TPABr = 98 % Sigma-Aldrich
bromide

Table 2.5: Zeotype synthesis materials.
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The nomenclature of MX-MFI is used to denote zeolites and zeotypes where M is
the framework counter-cation and the X is assumed to be the incorporated

framework heteroatom.

2.3.1 B-MFI hydrothermal synthesis

B-MFI, nominally SiO,/B,O3 = 8, was synthesised using an adapted verified
synthesis method [3]. Solution 1 (0.775 g NaOH + 6.65 g fumed silica + 70 g H,O)
was gradually added to 10.161 g TPABTr to give mixture 2. Mixture 3 (56.25 g H,O
+ 1.825 g boric acid) was then gradually added to mixture 2. Initial mixture was pH
9 and this was raised to pH 11 using NaOHaq).The resulting mixture (non-clear)
was then divided evenly between 6 PTFE lined autoclaves and oven-heated at 10

°C/min from room temperature to 180 °C and held for 120 h then allowed to cool.

2.3.2 Fe-MFI hydrothermal synthesis

Fe-MFI, nominally SiO,/Fe,O3 = 60, was synthesised using an adapted verified
synthesis method [4]. Solution 1 (100 mL deionised H,O + 22 g H,SO, + 5.62 g
Fe,(S04); .9H,0) was gradually added to solution 2 (163.4 g deionised H,O +
85.26 g NaySiO3; .9H,0) to produce a thick gel mixture 3. It should be noted that
solution 2 required mixing and heating at = 50 °C to achieve sufficient dissolution.
Mixture 3 was then added to 13.31 g TPABr. The resulting (non-clear) gel was then
evenly divided between 6 PTFE lined autoclaves and oven-heated at 10 °C/min

from room temperature to 170 °C and held for 72 h then allowed to cool.

2.3.3 Ga-MFI hydrothermal synthesis

Ga-MFI, nominally SiO,/Ga,03; = 114, was synthesised using an adapted method
from Leth and co-workers [5]. Initially, 7.5 g of fumed silica was incipiently wetted
with deionised H,0. 0.45 g NaOH(s) was dissolved in 22.5 g of deionised water
then added to the wet silica to produce Mixture 1. Solution 2 (0.35 g NaOH) + 22.5
g H,0) was added to solution 3 (0.914 g Ga(NO3); .9H,O + 17.3 mL H,0) then
slowly added to 10.16 g TPABr to give mixture 4. Mixtures 1 and 4 were slowly

added to one another and mixed for 3 h. The resulting mixture (non-clear) was then
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divided evenly between 6 PTFE lined autoclaves and oven-heated at 10 °C/min

from room temperature to 180 °C and held for 36 h then allowed to cool.

2.4 Catalytic testing

2.4.1 Methanol dehydration reactor

A vertical, atmospheric pressure, stainless steel, fixed-bed plug-flow reactor with
quartz reactor tube was employed to undertake all catalytic testing (Fig. 2.4). Gas
cylinder and HPLC pump feeds were fed through heat insulated lines at 150 °C to
give a 46.5 / 53.5 v/v MeOH/Ar reaction mixture, where the feeds were BOC Ar
Pureshield, 99.998 % pure and Sigma-Aldrich methanol ACS reagent (= 99.8 %
pure). The Ar feed and HPLC pump feeds were varied where necessary using
attached rotameters and pump setting respectively to maintain a 46.5 / 53.5 vol. %
mixture at different flow rates. As a safety measure against pressure build-up
within the system, check valves were incorporated. An online gas chromatograph
with a manual injector and TCD detector was used for product separation and
identification. Molecular Sieve 13X, 80-100 mesh (6 feet) and Porapak Q, 80-100
mesh (12 feet) columns were employed for the separation of components in the
product stream. The liquid MeOH feed was dried using dried zeolite A beads
placed within the feed flask. Additionally, the cylindrical furnace operated in + 5 °C

temperature cycles.
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Figure 2.4. Methanol dehydration reactor. (Schematic not to scale). T = Tap, R =
Rotameter, CV1 = Check valve (1 psi), CV2 = Check valve (50 psi), P = Pressure
gauge and K = K-type thermocouples in feedback with heating tape temperature

controllers.

Only for the purposes of calibration, a DME gas cylinder and MeOH/H,O HPLC

pump feeds were used.

2.4.2 Methanol dehydration reactor calibrations

Calibrations of HPLC pump rates (Fig. 2.5), Ar flow rate (Fig. 2.6), DME flow rate
(Fig. 2.7) and GC detector response (Fig. 2.8) were undertaken and all displayed
linearity over the ranges investigated. DME flow rate calibrations were required to
determine GC detector response to this component as a function of vol. %
accurately. For all calibrations, vertical error bars correspond to the + 1% standard
deviation in data and the horizontal error bars correspond to reading errors except

where stated.
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H,0: HPLC liquid pumprate calibration at 16°C and 101.4 kPa
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Figure 2.5: HPLC pump rate calibration graph. HPLC pump rate varies linearly
with changes in set pump rate. Only one 1 h-long measurement was taken for each

of these points and the vertical error bars correspond to reading errors.
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Figure 2.6: Argon flow rate calibration. Argon flow rate varies linearly with changes

in set flow rate. A minimum of ten readings were taken for each point.
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DME flow rate calibration at 15°C and 99.4 kPa
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Figure 2.7: Dimethyl ether flow rate calibration. Measured DME flow rate varies

linearly with changes in set flow rate. A minimum of six readings were taken for

each point.
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Figure 2.8: GC detector response calibrations. GC detector response varies
linearly with changes in partial pressure. A minimum of six readings were taken for

each point
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2.5 Catalytic testing procedures

All catalytic testing was carried out on pelleted, sieved and calcined samples. A
wide range of GHSVs (740-34000 h™) were examined. These were obtained using

different flow rates and/or catalyst volumes.

2.5.1 In situ catalyst activation

Prior to reaction with MeOH, the catalysts were activated in situ under 30 mL/min
of Ar. A temperature programme of room temperature to 550 °C at 10 °C/min and
holding at 550 °C for 1 h was employed. Samples were then allowed to cool to the

desired reaction temperature.

2.5.2 TGA - Activation mimic

TGA of pre-reaction samples was used to determine the in situ mass of catalyst
following activation at 550 °C for 1 h and prior to reaction with MeOH. Each run
used 10.5 mg = 1.0 mg, 250-425 ym sample material. All activation mimics were
carried out on a TA Q500 under 60 mL/min N> with a 10 °C/min temperature ramp
from room temperature to 550 °C and held for 1 h in accordance with the in situ

activation. See Fig. 2.9 for an example.

The TGA activation mimic profile below was from a peptised boehmite/silicalite 1:1
dry mass, wet mixture that has been calcined and then steamed. Close inspection
of this sample revealed a final wt. % of 94.52 %. The wt. % at the end of TGA
activation mimic runs were used to determine the in situ mass of the tested

catalysts.
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Figure 2.9: TGA activation mimic example.

2.5.3 Running procedures

2.5.3.1 Temperature programmed experiments
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TP (Temperature Programmed) experiments were operated for 5h as shown in Fig.

2.10. The reactor temperature was increased in steps of 50 °C every hour at 10

°C/min with GC samples taken at the indicated points on the profile.
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Figure 2.10: TP reaction temperature profile.

2.5.3.2 Isothermal experiments

Series of isothermal experiments were undertaken in order to collect sufficient data
for analyses as discussed in the results chapter. GC sampling was generally taken
prior to reaction (plotted as O min) then at 5 min, 30 min and continuing 30 min

intervals thereafter until sufficient data was collected.

2.5.4 Shutdown

Reactions were halted by stopping the HPLC pump and switching-off the reactor
furnace while maintaining trace heating at 150 °C and continued Ar flow. Samples

were removed once both reactor and catalyst had returned to room temperature.

2.6 Analytical equipment specifications

For all ex situ analytical techniques, samples were physically mixed until visibly

homogeneous prior to any analyses.
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2.6.1 ICP elemental analysis

ICP (Inductively Coupled Plasma) emission spectrometry was used for elemental

analyses of zeolite materials. Samples were dissolved in two stages, HF/HNO3 at

200 °C for 20 mins then in boric acid at 170 °C for 10 mins followed by appropriate

H.O dilution for accurate elemental quantification. These results were kindly
provided by BP Chemicals Ltd.

2.6.2 Flame photometry

Atomic emission spectrometry, through employment of a Sherwood M410 Flame

Photometer, was used for Na* quantification in ion-exchanged ZSM-5 (23) samples

and the sodium content in dried Ludox SiO, gels. Standards were produced using

a 1000 ppm sodium in 1M HNO3(,q standard solution from Fisher Scientific which

was diluted to appropriate degrees with deionised H,O (Fig. 2.11).
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Samples were refluxed in aqua regia at 120 °C for 1 h, allowed to cool and then

diluted with appropriate quantities of deionised H,O. The mixture was filtered using

Whatman No. 542 filter paper to remove residue.
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2.6.3 CHN elemental analysis

Carbon, hydrogen and nitrogen analysis was carried out using an Exeter Analytical
CE-44 Elemental Analyser, by combustion in a pure oxygen atmosphere and
quantified using GC analysis. This work was kindly provided by Mrs. Kim Wilson
and all measurements were duplicated and the average was used for all
subsequent calculations. An error bar of + 0.3 wt. % should be applied to all

measurements.

2.6.4 SEM-EDX analyses

SEM (Scanning Electron Microscope) images were obtained on a Philips XL30
ESEM tungsten filament electron microscope with a secondary electron detector.
EDX (Energy Dispersive X-ray) analyses were obtained on an attached Oxford
Instruments Inca Energy 250 system with X-Act 10mm? Nao-free detector for
spectrometric elemental identification purposes. Typical running pressures were
between 107 - 10°° bar pressure with an acceleration voltage of 25 kV. All samples
were coated with Au using a Polaron SC7640 sputter coater to decrease sample
charging.

2.6.5 Nitrogen physisorption measurements

All nitrogen physisorption isotherms were obtained using a Micromeritics Gemini 11l
2375 Surface Area Analyzer and Stardriver analysis software. Samples were
purged at 110 °C under N, flow overnight and reweighed prior to measurements.
Helium was used for free-space calibration. Through application of the BET
equation [6], t-plot method [7] and BJH method [8] both microporous and external
specific surface areas (determined from multi-point analyses), were determined.
BJH pore size distributions were obtained from adsorption branches which are
believed to be more accurate than desorption branches in materials possessing
porous networks [9,10]. Single-point total pore volumes were determined from the

highest pressure point of the adsorption branch.
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2.6.6 Powder X-ray diffraction measurements

For both instruments, a CuK, (1.5418 A) source was employed and samples were

compacted into the sample holders to give a flat surface for measurement.

2.6.6.1 Ex situ measurements

Measurements were undertaken under ambient conditions on a Siemens D5000 X-
ray diffractometer in a Bragg-Brentano arrangement over a 20 range of 5 °- 85 °
with a step size of 0.020 °26, acquisition time of 1 second per step. The sample

holder was a silicon single crystal probe (Einkristal Probent, m.V Bruker AXS).

2.6.6.2 In situ measurements

Measurements were carried out under 100 mL/min Ar on a PANalytical X'Pert Pro

HTK flat-plate hotstage in a Bragg-Brentano arrangement following the
temperature and measurement profile in Fig. 2.12.
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Figure 2.12: In situ hotstage PXRD temperature profile.
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Measurement parameters were acquisition range = 5 °-55 °20, step size = 0.01671

°20 per s and acquisition time = 1 s per step.

2.6.7 NMR (Nuclear Magnetic Resonance) measurements
2.6.7.1 'H-NMR of liquid samples

'H-NMR was employed to confirm the identity and purity of the MeOH feed. ‘H-
NMR spectra were obtained using a Bruker AV400 and CDCI3; as solvent and
internal standard (Fig. 2.13). The presence of H,O can be attributed to the
hygroscopic properties of MeOH. Zeolite A drying beads were added to the reactor

source of methanol to dry it.
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Figure 2.13: *H-NMR spectra of the methanol feed. Peaks may be assigned as
follows 0.95 ppm (CH3-OH), 1.57 ppm (H20) 3.49 ppm (CH3-OH) and 7.26 ppm
(CHCI3). The measurement was kindly performed by Andrew Cairns (Ph.D.

student) at the University of Glasgow.
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2.6.7.2 MAS-NMR

Two instruments were employed to collect the MAS-NMR (Magic Angle Spinning-
Nuclear Magnetic Resonance) data presented in this thesis: (i) A Varian VNMRS
400 and (i) a Varian Unity Inova 300 both using only PTFE rotors. The nuclei
examined were *H, !B, ?’Al, °Si and "*Ga via DE (Direct Excitation). *H-*°Si CP
(Cross Polarisation) measurements were also taken. All samples were fully
hydrated prior to sample loading and the measurement temperature was 40-60 °C
because of the air friction associated with spinning rotor. These measurements
were kindly carried out by Dr. D. C. Apperley and Mr. A. F. Markwell at the
University of Durham EPSRC solid state NMR service.

2.6.7.2.1 Varian VNMRS 400

Using a 6.0 mm rotor, °Si DE spectra were typically obtained at a frequency =
79.435 MHz, spectral width = 40322.6 Hz, acquisition time = 30.0 ms, recycle time
= 10.0 s, number of repetitions > 100, pulse duration = 4.7 ps, TPPM decoupling =
43.1 kHz, rotor spin rate = 6800 Hz, Gaussian broadening = 0.005 s and an FT
size = 8192. 'H-**Sj CP spectra were typically obtained under the above conditions
with a contact time = 3.00 ms.

Using a 4.0 mm rotor, 2’Al spectra were typically obtained at a frequency of
104.198 MHz, spectral width = 416.7 kHz, acquisition time = 10.0 ms, recycle time
= 0.2 s, number of repetitions > 2000, pulse duration = 1.0 s, no proton
decoupling, rotor spin rate = 14000 Hz, Gaussian broadening = 0.005 s and FT
size = 16384. All peaks in all >’Al spectra observed at < -25 ppm and > 100 ppm

are assigned to spinning side-bands.

2.6.7.2.2 Varian Unity Inova 300

Using a 7.5 mm rotor, 2°Si DE spectra were typically obtained at a frequency =
59.557 MHz, spectral width = 29996.3 Hz, acquisition time = 30.0 ms, recycle time
= 30.0 s, number of repetitions = 20, Cw decoupling, rotor spin rate = 5090 Hz,
Gaussian broadening = 0.015 s and an FT size = 8192. H-*°Si CP spectra were
typically obtained under the above conditions with a recycle time = 1 s, number of

repetitions = 450 and a contact time = 1.00 ms.
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2.6.8 Thermogravimetric analyses

For thermogravimetric analyses a TA instruments Ltd. Q500 with platinum pans as

well as a SDT Q600 with ceramic pans were employed. Results were obtained on

the TA Q500 with the exception of the zeotype reduction studies.

TPO

(Temperature Programmed Oxidation) measurements were carried out under air

flow at 60 mL/min under a temperature programme of room temperature to 800 °C

at 10 °C/min. Each run used 10.5 mg * 1.0 mg, 250-425 pym sample material.

2.7 Reaction calculations

In all conversion and production calculations: molar flow rates (moles/gcat.S),

percentage values are employed as fractions e.g. 94.56 % = 0.9456 for ease of

calculation and catalyst masses (gcat) Were employed.

2.7.1 Methanol conversion

The rate of MeOH conversion, MeOHcony, (Moles/gcs.S) was calculated via:

moles

moleS) (Molar flowrate(— )) * (MeOHcony (%))

MeOH (
eUllcony Mass of catalyst (gcqr)

cat+S

2.7.2 Dimethyl ether production

The rate of DME production, DMEpgrop, (moles/gca.S) was calculated via:

(moleS) B (Molar flowrate(m(;les)) * (DMEPROD (%))

Mass of catalyst (gcqt)

2.7.3 Water production

The rate of H,O production, H,Oprop, (Moles/gc4.S) was calculated via:

l
moleS) (Molar flowrate(m(?g es)) * (H20pgrop (%))

HyOpson

cat+S Mass of catalyst (gcat)
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2.7.4 Carbon balance (%)

The carbon (C) balance, expressed as a percentage of the moles of carbon
introduced to the system for each reaction was calculated as follows:

2C
Carbon balance (%) = ( our

100
ZQN>*

Where: 2Cour = ZMeOHput + 2*2DMEgur + (Carbon deposited on the catalyst)
and ZC|N = ZMGOHW

2.7.5 Determination of thermodynamic limit

The thermodynamic limit expressed as a percentage of MeOHcony and a function

of temperature was determined as follows:
AG, = —RTInK,

Where: AG, = Standard free energy of reaction; R = Ideal gas constant;

T = Absolute reaction temperature and K, = Equilibrium constant

By employing the values for AG, obtained from ref. [11] and taking account of the
free energy of vaporisation of both MeOH and H,O in the reaction and where
conditions are 298 K and 101325 Pa produces:

2CH30H(g) : (CH3)20(g) + H20(g) AGT‘(298K) = _165 k]/mOI

AG;, values were determined over a wide range of temperatures from the data from
ref. [11]. From these values and curve fitting, the K, values in Fig. 2.14 were
obtained. The equilibrium constant (K,) of MeOH dehydration to DME and H,O

may be expressed as:

K. = PDMEPHZO
P (Pueon)?

Where: P = The partial pressure of compound X.
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This may be re-expressed in terms of the molar fraction of MeOHcony (0 < a < 7).

2

K-
P (1-a)?

a-values were then determined iteratively for the determined values of K, over the
temperature range of data available and scaled to percentages (Fig. 2.14). In
chapter 3 and the reaction data in the accompanying material, catalytic testing
results will be illustrated in conjunction with rates calculated assuming the
attainment of thermodynamic equilibrium. These values were determined from the
rate of MeOH (MeOH/gcar S) * percentage from Fig. 2.14 corresponding to the
reaction temperature.

The equilibrium constant (K,) and MeOHqyy (%) as a function of temperature assuming
the attainment of thermodynamic equilibrium for methanol dehydration
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Figure 2.14: Equilibrium constant and MeOHcony (%) graph.
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2.7.6 Arrenhius analysis

Arrenhius (In(rate)) plots were produced via plots of the following equation:

—E,\ /1000
In(Rate) = ( B )*( T

)+ 1A Pleon)
Where: Rate = The rate of MeOHcony; Pweon = Pressure of MeOH; n = Order of
reaction; E, = The apparent activation energy of reaction; R = ldeal gas constant

and T = Absolute temperature

Only reactions displaying no evidence of side-reactions and operating under kinetic
control were interpreted by Arrenhius analysis. By this approach, changes in the
number of active sites of the catalysts will manifest themselves as shifts in the y-
intercept and changes in the nature of the acid sites will manifest themselves as
changes in the gradient.
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3 Determination of dimethyl ether production
conditions

In order to use MeOH dehydration as a probe reaction, it was of importance that
the correct reaction takes place and was operated under an appropriate regime.
Initial studies into the conditions required for DME production were undertaken to
ensure only valid results were included in the Arrenhius plots of the following
chapters.

The target conditions aimed for were:

1) The MeOH conversion rate was within the upper limit calculated assuming
attainment of the thermodynamic equilibrium for DME production. As such, the
limiting values shown were dependent upon the rate of MeOH,y, the mass of

catalyst employed and reaction temperature (see section 2.7.5).

2) Selective MeOH conversion to DME and H,O. Gas phase products were
quantified by online GC analyses (where DME and H,O are produced in = 1:1
molar ratios) and adsorbates by post-reaction CHN and TGA analyses of the

catalysts — thus indicating no competing reactions occurred (see section 2.7.4).

Following the outlined criteria, this chapter establishes the reaction temperatures
over which MeOH was selectively dehydrated to DME at atmospheric pressure

over a range of materials.

3.1 The dependence of reaction on both catalyst and
temperature

Initial TP (Temperature Programmed) experiments were undertaken to observe
MeOH conversion in both DME and hydrocarbon production reactions. Isothermal
reactions were then used to determine the reaction switchover temperature more
accurately. Finally, TP experiments over both sodium-exchanged zeolite and
alumina catalysts were undertaken to show whether the reaction switchover

temperature is dependent upon the catalyst employed.
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3.1.1 TP reactions over H(50) 550 4 h and H(280) 550 4 h

As described in section 2.7.5, theoretical limiting rate values corresponding to the
rates which would be attained were thermodynamic equilibrium for methanol
dehydration to produce DME achieved have been calculated. These limits are
shown by dashed lines in Figs. 3.1a-b. For the selective MeOH conversion to DME
and HyO, the MeOH conversion rate cannot of course exceed these values.
However, these values correspond only to selective MeOH dehydration to DME
and H,O and do not correspond to non-selective methanol conversion, for
example, if MeOH was converted to hydrocarbons. The equilibrium MeOH

conversion values as a function of temperature are presented in Table 3.1.

Temperature (°C) MeOHcony (% of MeOHy)
150 98.0
200 96.4
250 94.2
300 91.6
350 88.5

Table 3.1: Equilibrium MeOH conversion values for selective DME production as a

function of reaction temperature.

Therefore, the apparent difference in the equilibrium methanol conversion rates
(dashed lines) in Figs. 3.1a-b simply reflects the different catalyst masses used in

each experiment.

Figs. 3.la-b, show a stepwise increase in MeOH conversion with stepwise
temperature increases over H(50) 550 4 h and H(280) 550 4 h catalysts. At < 250
°C, DME and H,O were produced in an = 1.1 ratio. Upon increasing the
temperature to = 300 °C, MeOH was converted at a rate in excess of the rate
corresponding to the thermodynamic limit for MeOH dehydration to DME in each
experiment. MeOH conversion was = 100 %, DME was no longer produced and the
C-balance for each experiment was well below 100 % (H(50) 550 4 h TP = 80 %
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and H(280) 550 4 h TP = 87 %). An interesting observation was an increase by
approx. +15 °C within the first 5 mins of reaction of the catalyst bed, which was

attributed to the adsorption of the methanol reactant onto the pre-treated material.

Post-reaction TGA (Fig. 3.2), CHN analyses and N»-physisorption results (Table
3.2) indicate both the retention of unsaturated hydrocarbons and decreased
surface area which resulted from operation of the hydrocarbon production reaction.

H(50) 550 4h TP
6.00E-05 350

5.25E-05

4.50E-05 > 300
3
A 3.75E-05 ¢
i} =
[=11] -t
¥ ooeon |\ / |/,
% 3.00E-05 =l—Methanol conversion L 250 E_
£
- = = Methanol conversion limit 2
= 5
& 225805 —a&— DME production E
[}
——H20 production =
1.50E-05

/ - 200
/J/ \—Temperature Programme
7.50E-06

0.00E+00 g \ A A—aA 150
0 30 60 90 120 150 180 210 240 270 300

Time (Mins)

Figure 3.1a: H(50) TP catalytic testing.

Figs 3.1a-b: For H(50) 550 4 h and H(280) 550 4 h: GHSVs = 4400 h™* and 2900
h™* respectively and dry catalyst masses = 0.2294 g and 0.4084 g respectively.
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Figure 3.2: H(50) vs. H(280) TP TPO profiles. Experiments were operated as

described in the experimental chapter except both TP samples whose final TGA
temperatures were = 700 °C.
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In the TGA results above (Fig 3.2), for both H(50) 550 4 h and H(280) 550 4 h TP
samples, weight loss below 200 °C may be attributed to desorption of MeOH, DME,
H,O and oxidation products of adsorbed species. Additionally, the weight loss from

225 - 700 °C may be attributed to oxidation and desorption of unsaturated
hydrocarbon species [1] as well as minor silanol dehydration at = 650 °C. (see

section 6.3.2.1)

Catalyst BET SA Total pore Ads.lIso. C(wt.%) H (wt. %)

(m?/g)  vol. (cm®/g) type

H(50)5504h  313+8 0.24 +0.02 | 0.00  0.48+0.04
H(50)5504h TP 104 0.11 | 5.59 +0.05 0.73 +0.02

H(280)5504h  358+5 0.21+0.00 | 0.00 0.00
H(280)550 4 h TP 243 0.16 | 1.78+0.16  0.00

Table 3.2: H(50)-H(280) TP BET and CHN analyses results. Measurements were
obtained as described in the experimental chapter. Errors correspond * the furthest
outlier of repeated measurements. BET (1-2 runs) and CHN (duplicated). Ads, Iso.

= Adsorption Isotherm. Adsorption isotherms can be found in the appendix.

For both H(50) 550 4 h and H(280) 550 4 h TP experiments, the switchover from

DME to hydrocarbon production was observed at ca. 300 °C.
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3.1.2 Isothermal methanol conversion over H(50) 550 4 h

To determine the temperature for reaction switchover from DME to hydrocarbon
products with greater accuracy, H(50) 550 4 h was investigated in isothermal
experiments at 225 °C, 250 °C, 275 °C and 300 °C. The catalytic results are shown
in Figs. 3.3, 3.4 and summarised in Fig. 3.5 with post-reaction analyses in Figs. 3.6

and 3.7. The switchover temperature was found to be ca. 275 °C.

H(50) 550 4h: 225°C (1-3) vs. 300°C (1-2)
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Figure 3.3: H(50) 550 4 h 225 °C and 300 °C catalytic testing. GHSVs = 4500 -
4600 h™. In the 225 °C (repeated 3x) and 300 °C (duplicated) experiments catalyst
masses were = 0.3000 g £ 0.0007 g and 0.2294 + 0.0000 g, respectively. The data
presented are averages of the repeated measurements. The rate refers to the data

labels in the figure legend.
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H(50) 550 4h: 250°C (1-2) vs. 275°C (1-3)
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Figure 3.4: H(50) 550 4 h 250-275 °C catalytic testing. For H(50) 550 4 h 250 °C
(duplicated) and 275 °C (repeated 3x): GHSVs = 4500 h™* for each experiment and
catalyst masses = 0.1859 + 0.0000 g and 0.1849 g + 0.0005 g respectively. The

rate refers to the data labels in the figure legend.

Fig. 3.5 provides a condensed representation of the data contained within figures
3.3 and 3.4. The reaction switchover temperature at constant GHSV over H(50)

550 4h was shown to be approx. 275 °C. This is in agreement with the results

presented in Fig. 3.7.
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H(SD) 550 4h: 225-300 °C
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Figure 3.5: Reaction switchover - catalytic testing. MeOH conversion and DME
selectivity values are the averages determined from figures 3.3 and 3.4. Vertical
error bars represent the spread of data and horizontal error bars represent
correspond to reactor temperature cycle. Further experimental details are provided

in the captions of figures 3.3 and 3.4.

In Fig. 3.6, all weight loss in the ‘Pre’ unreacted H(50) 550 4 h material was
assigned to H,O desorption. For both H(50) 550 4 h 225 °C and 250 °C samples,
weight loss below 300 °C may be attributed to desorption of MeOH, DME, H,O and
oxidation products of adsorbed species. For H(50) 550 4 h 275 °C and 300 °C
samples, the same weight losses occur to a lesser extent, up to approximately 300
°C, in addition to the weight loss from 350 - 725 °C, which may be attributed to
oxidation and desorption of unsaturated hydrocarbon species originating from MTH

chemistry and minor silanol dehydration at = 650 °C (see section 6.3.2.1).
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TPO of pre- and post-reaction H(50) 550 4h - 225-300°C
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Figure 3.6: H(50) 550 4 h 225-300 °C TPO profiles. Experiments were operated as
described in experimental section 2.6.8. In this figure ‘Pre’ is H(50) 550 4 h.

Fig. 3.7 shows the general loss in BET specific surface area, an increase in C wt.
% and the decrease in the H:C ratio of adsorbates with increasing reaction
temperature. Adsorbed H,O contributes to the H:C ratio but this had a lessening
effect with increased C wt. % and the H:C ratios at 275 °C and 300 °C indicate the
presence of unsaturated hydrocarbon. The sharp change in BET specific surface
area, C wt. % and H:C ratio upon increasing the temperature to 275 °C

corresponds to the reaction switchover indicated in the catalytic testing.

Considering the TP and isothermal reaction data and post-reaction analyses, the
DME production reaction operated at temperatures 150 - 250 °C with a switchover
to hydrocarbon production at 275 °C under a narrow range of GHSVs (2900 - 4600
h'). This was consistent with the results of Chang et al. [2] where MeOH
conversion over acidic zeolites displayed gasoline formation at = 260 °C at 0.6 - 0.7
LHSV. This approximate reaction switchover temperature has been observed over
H*-form zeolites and as will be shown below, the temperature range over which

DME production occurs is dependent upon the catalyst employed.
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H(50): BET, CHN and H:C ratio vs. temperature - reaction switchover
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Figure 3.7: H(50) 550 4 h BET,CHN and H:C ratio graph. Results were obtained
from post-reaction analyses of H(50) 550 4 h 225-300 °C experiments. BET
(repeated 2x) and CHN analyses (repeated 2-16x).Vertical error bars represent the
spread of data and horizontal error bars represent correspond to reactor

temperature cycle.

3.1.3 TP reactions over Na(23) 550 4 h and Pural 550 4 h

Na(23) 550 4 h catalysts were prepared by treble ion-exchange (at room
temperature) of NH4(23) with 1M NaNOg3nq). Flame photometry has shown Na(23)
550 4 h to contain 0.65 wt. % sodium. Pural 550 4 h is y-Al,O3 obtained by

calcination of Pural SCF 55 (boehmite) (see section 6.1.1 for structural analyses).

Despite the observation that the switchover from DME to hydrocarbon production
at 275 °C for H(50) 550 4 h, the switchover temperature is dependent on the
catalyst employed as has been previously observed [3]. The results in Fig. 3.8
show stepwise increases in MeOH conversion with temperature. Both Na(23) 550 4
h TP and Pural 550 4 h TP meet the targets for DME production.
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Na(23) 550 4h TP (1-2) and Pural 550 4h TP (1-5)

8.00E-05 350
~—l— Na(23) MeOH conversion
== Na(23) DME production
7.00E-05 | Na(23) H20 production
= = Na(23) Thermodynamic limit TP (MeOH conv.)
6.00E-05 | ~— Pural MeOH conversion 300
== Pural DME production —
=—#— Pural H20 production l :38'
Tﬂ: 5.00E-05 ] === Pural Thermodynamic limit TP (MeOH conw.) e
Temperature Programme E
L B
o R T ]
© 4.00E-05 — = = o
E g
=]
1) [
= =]
E 3.00E-05 =
m
a
o
2.00E-05
1.00E-05
0.00E+00 h o 150
90 1?_0 150 210 240 270 300

Temperature {°C}

Figure 3.8: Na(23) Pural TP catalytic testing. Na(23) 550 4 h TP (duplicated) and
GHSVs = 5000 h and catalyst mass = 0.2740 + 0.0000 g. Pural 550 4 h TP
(repeated 5x): GHSVs = 7900 h™ and dry catalyst masses = 0.2747 g + 0.0007 g.

The rate refers to the data labels in the figure legend.

Expectedly, the exchanged sodium acts as a poison. Despite Na(23) 550 4 h
possessing greater aluminium content than H(50) 550 4 h, the methanol
conversion rates are lower in the presence of increased sodium. The effects of
sodium content on MeOH conversion, structural and textural properties will be

further discussed in section 5.4.
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TPO analyses: Na(23) and Pural - 550 4h and TP
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Figure 3.9: Na(23) Pural TPO profiles. These measurements were obtained as
described in experimental section 2.6.8. The spiking observed in Pural TP

derivative weight were artefacts.

Material Total pore Ads.lIso. C (wt. %) H (wt. %)
vol. (cm3g) type

Na(23) 550 4 h 253 0.16 | 0.00 0.00

Na(23) 550 4 h 246 0.15 | 1.45+0.03 0.81%0.01
TP

Pural5504h  241+2  0.39+0.02 v 0.00 0.00

Pural 5504h  205+8  0.40 +0.01 IV 0.31+0.31 0.60+0.15
TP

Table 3.3: Na(23) and Pural TP Nx-physisorption and CHN analyses. Results were
obtained as described in the experimental section 2.6.5. The errors correspond to
* the furthest outlier of repeat measurements. CHN (repeated 2-10x). Ads. Iso. =
Adsorption Isotherm. N-physisorption isotherms may be found in the appendix.
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TPO analyses of Na(23) and Pural 550 4 h and TP catalysts are shown in Fig. 3.9.
All weight loss in Na(23) 550 4 h and Pural 550 4 h were assigned to H,O
desorption. Na(23) TP weight loss < 350 °C and Pural TP weight loss < 475 °C was
assigned to desorption of MeOH, DME and H,O. This loss may also include MeOH

and DME oxidation products.

N2-physisorption and CHN elemental analysis results in Table 3.3, show that
following TP reactions high BET specific surface areas are retained and relatively
low C wt. % adsorbed. As such, analytical results indicate higher hydrocarbon
formation did not occur over Na(23) 550 4 h or Pural 550 4 h over the temperature

ranges examined.

3.2 Conclusions

According to the targets outlined at the start of the chapter: a reaction switchover
from DME production to hydrocarbon production occurred at 275 °C over H(50) 550
4 h; whereas both Na(23) 550 4 h and Pural 550 4 h TP results show DME
production up to 350 °C. As would be expected, the conditions under which the
DME production reaction operates are dependent upon the reaction temperature

and the catalyst employed.

Furthermore, the criteria for determining whether DME production was in operation
was fit for the purpose of ensuring further experiments did indeed operate as
desired. For this reason, all results included in the Arrenhius plots of the following

chapters have met these targets.
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4 Comparison of zeolites and zeotypes

4.1 General introduction

Zeotypes are non-aluminosilicate isomorphs of zeolites. Examples of zeotypes
include SAPO-34 a silicoaluminophosphate with the structure of chabazite [1] and
aluminogermanates with the sodalite structure [2]. Zeotype materials have been
the subject of much academic research, particularly in the field of catalysis where
additional and/or altered functionality may be introduced through variation of
framework and extra-framework species. Substitution of framework aluminium, for
example, has been reported to alter acidity and stability [3]. Through NH3-TPD,
FTIR and combined pyridine adsorption FTIR analyses the acid site strength was
shown to generally follow the series Al-MFI > Ga-MFI > In-MFI > B-MFI for the
group 3 elements. Fe-MFI possessed similar acid site strengths to Ga-MFI. It was
also noted that extra-framework material was present in all of these materials, with
contents increasing in the order of Al < Ga, Fe < In < B. The thermal [4] and
hydrothermal stability [5] of B-MFI zeotypes have been reported as relatively low
compared to Al-MFI zeolites. The lower catalytic activity of boron zeotypes has
been previously reported [6] where methanol conversion, under similar conditions,
to C,.+ hydrocarbons was 98-99 % for H-(Al)-ZSM-5 and < 0.2 % for H-(B)-ZSM-5.
Brénsted acid site strength was also observed to follow the series Al-MFI > Fe-MFI
> In-MFI by Cejka et al. [7]. The authors noted that In-MFI and Fe-MFI zeotypes
contain greater quantities of extra-framework material than the AlI-MFI zeolite. An
explanation for the decreasing Brénsted acid site strength between Si-OH-Al > Si-
OH-B > Si-OH-Si was suggested by Scholle et al. [8]. By employment of the
electrostatic valence model of Pauling to proposed Brénsted acid sites, it was
shown that the (O-H) bonding in 4-coordinate B**/AI** cations is weaker than that
of 4-coordinate Si** cations. The relatively higher strength of the aluminium acid
site is then indicated to be a consequence of the greater bond strength of the Al-O-
H bond over the B-O-H bond. A ranking of Brénsted acidity: AI(OH)Si > Ga(OH)Si
> Fe(OH)Si >> B(OH)Si > Si(OH) was also observed by Chu and Chang [9] who
employed NHs-TPD and FTIR spectroscopy. In a combined catalytic,
computational and NH3-TPD study the ordering of Al > Ga > Fe > In > B was

reported for Brénsted acid site strength [10]. Notably, the authors commented that
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the ranking of acid site strength was not simply a function of the electronegativity of
the incorporated heteroatoms and was possibly affected by short-range localised
effects.

The MFI framework, as explained in the introduction chapter, is currently of great
importance in an industrial context. As such, it was appropriate to establish the
DME production activity of isomorphous zeotypes with respect to the industrially
significant zeolites. This will be illustrated in Arrenhius plots with accompanying

catalyst characterisation.

4.2 Zeolite and zeotype structural analyses

4.2.1 Zeolite and zeotype PXRD analyses

All zeolites and zeotypes were of MFI crystal structure according to PXRD
analyses. The approximately equally intense doublet at about 45 °20 is indicative of

MFI rather than the MEL framework type which is a common intergrowth [11].

The MFI structure has been reported to exist in two phases [12]; monoclinic and
orthorhombic. The transition between each has been reported as a reversible, low
energy displacive [13,14] phase transformation and was believed to occur via
displacement of the (010) plane along the c-direction with the orthorhombic phase
appearing to be the higher temperature phase. Furthermore, the transition
temperature has been reported as being a function of the SiO,/Al,O3 ratio —
increasing with decreasing aluminium content [12]. Additionally, adsorption on the
zeolite materials can induce transitions at lower temperatures [15]. Therefore the
orthorhombic form would be expected to be present under probe reaction

conditions.

To observe this reported reversible phase change, in situ PXRD measurements

were undertaken on monoclinic ZSM-5 (280), see Fig. 4.1.
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Figure 4.1: In situ hotstage PXRD of NH4-ZSM-5 (280). Measurements were
obtained as described in section 2.6.6.2. A 208 range of approx. 22.8 °- 24.8 ° was

examined.

The reflections in Fig. 4.1 were assigned by the indexing of van Koningsveld et al.

for the monoclinic phase [16] and the orthorhombic phase [15].

For NH4(280), heating at 550 °C for 4 h under Ar was sufficient to convert the
material into the H'-form, 550 °C was also a sufficient temperature to convert the
initially monoclinic sample to the orthorhombic phase. Monoclinic MFI possesses
doublet reflections at approximately 23.4 °20, 23.8 °20 and 24.5 °20 whereas
orthorhombic MFI possesses singlet reflections at these angles. Upon cooling to 30
°C, the sample reverted back to the monoclinic phase. Then with stepwise
increases in temperature, orthorhombic MFI was once again formed between 50-

100 °C as reported by van Koningsveld and co-workers [15].
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H-zeolites PXRD comparison: SARs (23, 50, 80, 280 and 1500)
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Figure 4.2: PXRD comparison of zeolite with different SiO,/Al,O3 ratios. All

experiments were undertaken as described in section 2.6.6.1

Fig. 4.2 shows H(23) 550 4 h, H(50) 550 4 h and H(80) 550 4 h were orthorhombic,
H(280) 550 4 h was monoclinic but surprisingly H(1500) 550 4 h was orthorhombic.
This may be explained by H(1500) 550 4 h possessing a high silanol group content
(Figs. 4.5 and 4.6).

All templated zeotypes were of the orthorhombic MFI unit cell structure. This
symmetry was retained following template removal, ion-exchange, calcination and

catalytic testing as shown in Figs. 4.3a-c.
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B-MFI PXRD comparison: templated, NH*,-form, H*-form and post-reaction
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Figure 4.3a: PXRD of B-MFI materials.

Fe-MFI PXRD comparison: templated, NH*,-form, H*-form and post-reaction
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Figure 4.3b: PXRD of Fe-MFI materials.
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Ga-MFI PXRD comparison: templated, NH*,-form, H*-form and post-reaction
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Figure 4.3c: PXRD of Ga-MFI materials.

Figures 4.3a-c: All patterns were obtained following the method described in
section 2.6.6. The assignment of the reflections was adapted from the study of van

Koningsveld et al. [15].

Following template removal in air there was a decrease in the sum of (501), (151)
and (133) reflection intensity relative to the templated material, indicative of a
decrease in material crystallinity [17]. This may be a result of the damage to the
framework caused by high exotherms [18] associated with template oxidation.
Additionally, the (011), (020)/(200) and (-111)/(111) reflection intensities of the
templated zeotypes were relatively low when compared to the (501) reflection and
this was indicative of pore filing [19]. These planes all intersect with both
sinusoidal and straight pore channels because of the 3-D connectivity associated
with the MFI framework type. In this instance, pore-filling causing a decrease in
constructively scattered X-ray intensity can be rationalised by considering the
templating species as an X-ray scatter and that their locations within the zeotype
micropore channels result in destructive scattering from the aforementioned

planes. This is possibly also observed in the reflections between 12-18 °26 and a

change in reflection intensity would be expected for all crystal planes associated
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with the internal pore structure. Furthermore, changes in the crystallographic
structure of the pores with adsorption may also contribute to destructive X-ray
scattering.

Despite the crystal structure of each of the synthesised zeotypes being MFI, the
PXRD analyses do not show whether the heteroatoms were indeed incorporated
into the tetrahedral framework. It is possible that the heteroatoms may exist as
extra-framework species which may have adopted a variety of geometries for
example: trigonal, tetrahedral and octahedral. As such, MAS-NMR and TPR were

employed to determine the extent of heteroatom incorporation.

To test for aluminium, boron and gallium framework incorporation, ?’Al, B and
""Ga MAS-NMR were employed respectively in conjunction with ?°Si and 'H-?°Si
CP (Cross Polarisation) measurements. >'Fe spectra of Fe-MFI were not obtained
because of the isotope’s low abundance, low iron content within the material, low
sensitivity and the paramagnetism of the Fe®" (the assumed oxidation state of
framework iron). The existence of redox active (extra-framework) species in the

zeotype materials was also probed using TPR.

4.2.2 Zeolite MAS-NMR and TGA analyses

In Fig. 4.4, the peaks at = 55 ppm may be assigned to tetrahedral aluminium and
those at = 0 ppm assigned to octahedral aluminium species. Typically in zeolitic
systems tetrahedral aluminium is associated with framework incorporation whereas
octahedral aluminium is associated with the presence of extra-framework species
[20]. The decreased signal to noise ratio observed for both H(280) and H(1500)
samples was consistent with their lower aluminium content. ICP data were
obtained for H(50) and H(280) with values of SiO,/Al,03 = 53 and 265 respectively.
As such, the aluminium contents followed the order H(23) > H(50) > H(280) >
H(1500). The method of Klinowski [21] whereby Si/Al values may be determined
from 2°Si peak intensities, could not be employed on H(1500) because it was
difficult to separate the contributions from each environment reliably and also due
to the low aluminium content of the silicalite material. Using the method of

Klinowski on deconvoluted 2°Si DE spectra (see Appendix), SiO.:Al,O5 values for

65



H(23) 550 4 h, H(50) 550 4 h and H(280) 550 4 h were determined to be 23, 88

and 235, respectively.

77| DE MAS-NMR: H-Zeolite aluminium coordination

a==H(23) 550 4h

' e==H(50) 550 4h

( ! H(280) 550 4h
|| H(1500) 550 4h

150 100

Figure 4.4: ?’Al MAS-NMR of zeolites with different SiO,/Al,Os ratios. All spectra
were obtained on a Varian VNMRS 400. Asterisks (*) = Spinning side bands.

It was also possible to gain information regarding the short-range aluminium
distribution by considering the #°Si DE spectra. The -103 ppm, -106 ppm and all
other peaks in Fig. 4.5 may be assigned to *°Si in silanol, Si(1Al) and Si(0Al)
environments respectively [20]. To clarify, Si(nAl) corresponds to [SiO4] tetrahedra
corner-sharing with n = 0-4 aluminium atoms. CP results are not included here for
clarity but a peak at = - 103 ppm is present in H(50) 550 4 h and H(1500) 550 4 h
samples. It is apparent that H(280) 550 4 h possesses greater homogeneity within
the Si(0OAl) environments than all other zeolites in this figure and may be related to

the low silanol content (see Fig. 4.5 and Fig. 4.6).
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238j DE: Zeolite aluminium content and distribution
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Figure 4.5: °Si MAS-NMR of zeolites with different SiO./Al,O5 ratios. H(23) 550 4
h spectra were obtained on a Varian Inova Unity 300 and all others were obtained
using a Varian VNMRS 400.

TGA of the zeolite materials showed H,O loss at low temperatures (< 250 °C) in all
samples. With increasing aluminium content, the zeolites became more hydrophilic
as shown in Fig. 4.6. However, H(1500) 550 4 h appears anomalous with greater
H.O content than H(280) 550 4 h and a relatively large mass loss at = 650 °C

assigned to silanol dehydration.

The pore volumes presented in Table 4.1 were all approximately equal so it would
appear as though the hydrophilicity/phobicity of the materials strongly affected H,O
adsorption.
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Zeolites TPO: Silanol dehydration
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Figure 4.6: TPO measurements of zeolite with different SiO,/Al,O3 ratios.

Measurements were carried out as described in section 2.6.8.

The aluminium contents of each zeolite were ranked according to their Si(0-4Al)
distribution, the signal-noise ratio in the 2’Al spectra and the ICP data. From these
considerations it was reasonable to rank the framework aluminium content in order
of H(23) > H(50) > H(280) > H(1500). It is also evident that H(1500) 550 4 h
contains a relatively greater proportion of silanol species than the other zeolites,
this was consistent with the 650 °C weight loss in the H(1500) profile in Fig. 4.6.
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4.2.3 Zeotype MAS-NMR and TGA analyses

Examination of the B NMR spectra in Fig. 4.7 shows boron to be tetrahedrally
coordinated [6] despite the material’s relative thermal [4] and hydrothermal
instability [5]. The peak shift from -4 ppm to -3.6 ppm following template removal
may have been a consequence of changing local structure surrounding each boron
atom. Following template removal, the boron atoms were hydrated to a greater
extent and the smaller downfield shift following protonation was previously
observed by Testa et al. [22] and appears, in part, affected by the electronegativity
of the counter ion. Fig. 4.8 shows gallium was also tetrahedrally coordinated
[23,24].

B-MFI 1B MAS NMR (BF,/OEt, = Oppm)

V)
SR

e===NHA-form
H-form

NS
[,

ppm

Figure 4.7: "B MAS-NMR spectra of B-MFI materials. All spectra were obtained
using a Varian VNMRS 400.

For the gallium zeotypes, the H*-form tetrahedral peak was the most downfield

shifted of the compared spectra in the "Ga NMR spectra in Fig. 4.8. This was

consistent with the same observation in B-MFI zeotypes.
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Figure 4.8: “Ga MAS-NMR spectra of Ga-MFI materials. All spectra were

obtained using a Varian VNMRS 400.
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Figure 4.9: Al MAS-NMR spectra of low aluminium materials. All spectra were

obtained using a Varian VNMRS 400.
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The extent of aluminium impurity within the zeotypes was investigated. As shown

in Fig. 4.9 the low level of aluminium detected in the zeotypes was approximately

equal to background impurity in the PTFE rotors, less than was found in a silica
binder (Ludox AS 550 4 h) and much less than that found in silicalite (NH4(1500)).

The negligible aluminium impurity in boron and gallium zeotypes reflects the 99.80

% pure fumed silica used for their syntheses of B-MFI and Ga-MFI and such low

levels may be disregarded as contributing the catalytic activity of both B-MFI and

Ga-MFI described later. However, an alternate and lower purity silica source

(sodium metasilicate) was used in the Fe-MFI synthesis and the possibility of an

aluminium impurity contributing to the observed MeOH dehydration activity of that

material cannot be ruled out.

Approximate content and distribution of the boron and gallium heteroatoms through

the zeotype MFI frameworks were elucidated by 2°Si MAS-NMR spectra (Fig.

4.10).

29Gi DE and 'H-2°Si CP: Zeotype heteroatom content and distribution
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Figure: 4.10: ?°Si MAS-NMR spectra of HB-MFI 550 4 h and HGa-MFI 550 4 h. All

spectra were obtained using a Varian Inova Unity 300.

71



DE peaks centred at = -112 ppm and — 116 ppm were assigned to Si(0OAl) and
those centred = —103 ppm were assigned to silanol groups in accordance with the
CP spectra. These spectra indicate heteroatom content for HB-MFI 550 4 h to be
significantly lower than the nominal value of SiO,/B,O3 = 8. Incomplete boron
framework incorporation was expected from the synthesis method employed (see
ref. [3] of the experimental chapter). The authors of the synthesis method used an
excess of boric acid and from a nominal SiO,/B,03 = 2.4 mixture ratio a B-MFI
zeotype with a framework ratio of SiO,/B,0O3 = 98 was produced. By comparison of
Fig. 4.5 and Fig. 4.10, both HB-MFI 550 4 h and HGa-MFI 550 4 h were estimated
as SiO,/(B or Ga),03 = 100, where the gallium content in Ga-MFI 550 4h was close
to the nominal value of 114. The broadness of the DE spectral peaks, indicative of
relatively large heterogeneity within the Si(0 B/Ga) and silanol environments, made

quantification difficult.

Brief TPR studies (Fig. 4.11) were undertaken to observe extra-framework redox
active heteroatoms. HB-MFI 550 4 h is not expected to be redox active.
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Figure: 4.11: TPR of activated B-MFI, Fe-MFI and Ga-MFI materials. These
materials were activated in situ, cooled to 150 °C, switched to a reducing (5 %

H./N,) atmosphere at approx. 160 mins and heated at 10 °C/min.

It was observed that HFe-MFI 550 4 h loses more mass than either HB-MFI 550 4
h or HGa-MFI 550 4 h between 350-600 °C. This may indicate reduction of extra-
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framework iron oxide species [25]. It may be expected that extra-framework gallium
oxide species would also be reduced within the temperature range of the
measurement [26] but these results indicate little/no redox active, extra-framework,
gallium species were present in accordance with "*Ga MAS-NMR results. The

mass loss at = 650 °C was assigned to silanol dehydration.

4.3 Zeolite and zeotype textural analyses

4.3.1 SEM imaging and EDX analyses of zeolites and zeotypes

All zeolite crystals were too small to determine crystal size or morphology from
SEM imaging except for Na(1500) 550 4 h. A representative image is shown in Fig.
4.12. The silicalite crystals were ca. 5 um in length with a characteristic twinned

morphology [27-29].

C_V Spot Mgn D — 2 pm
25.0 kV 5 8000x 4.9 Na(1500) Cal

Figure 4.12: SEM image of silicalite. The image was obtained as described in
experimental section 2.6.4. The background of the image was an unrepeatable

artefact and not evidence of a wide crystal size range.
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Representative SEM images of B-MFI and Ga-MFI indicate crystal size to increase
in the order of Fe-MFI < B-MFI < Ga-MFI where the Fe-MFI crystal size was too
small to determine morphology. However, the morphology of B-MFI and Ga-MFI
are noticeably different. The larger, more cuboidal, B-MFI (Fig. 4.13) crystals are
approximately 5 um in length and of a characteristic twinned intergrowth

morphology.

10pm Electron Image 1

Figure 4.13: SEM image of HB-MFI 550 4 h. The image was obtained as

described in experimental section 2.6.4.

The Ga-MFI crystals appeared more intergrown (Fig. 4.14), with larger crystals
approximately 13 ym in length.

Accompanying qualitative EDX spectroscopy showed all H*-form zeolites to
contain silicon, aluminium and oxygen (except H(1500) 550 4 h — only silicon and
oxygen observed). EDX spectroscopy of the boron zeotype showed only silicon

and oxygen to be present (because of the decreased probability of X-ray
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interaction with light elements such as boron). Analysis of the iron zeotype showed
only silicon, iron and oxygen to be present. Measurements taken for the gallium
zeotype showed only silicon, gallium and oxygen to be present. Having already
shown negligible aluminium content in the B-MFI and Ga-MFI materials using
MAS-NMR, it is possible that an aluminium impurity may yet exist in Fe-MFI as

EDX signal intensities are subject to attenuation effects.

N

20pm Electron Image 1

Figure 4.14: SEM image of HGa-MFI 550 4 h. The image was obtained as

described in experimental section 2.6.4.

4.3.2 Ny-physisorption measurements of zeolites and zeotypes

N,-physisorption studies of NH,"-form, H*-form and post-reaction zeolites generally

show slightly decreased surface areas in the calcined zeolites (Table 4.1). This is
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ascribed to the presence of extra-framework aluminium in all H*-form zeolites as
shown in Fig.4.4. The adsorption isotherms were assigned as type | [30] in all
materials [31] (see appendix). ZSM-5 (280) samples possessed a low pressure

step at ca. 0.2 P/P,which is explained in section 6.3.2.2.

Material BET SA Total pore Ads. Iso.
(m?/g) vol. (cm3/g) Type

NH.(23) 319 0.20 |
H(23) 550 4 h 318 +48 0.20+0.01 I
H(23) 550 4 h 200 °C 311 0.24 I
NH.(80) 404 0.29 |
H(80) 550 4 h 373 0.25 |
H(80) 550 4 h 211 °C 353 0.25 |
NH.(280) 381 0.22 |
H(280) 550 4 h 358 +5 0.21 + 0.00 |
H(280) 550 4 h 239 °C 353 0.21 I
NH4(1500) 334 0.20 I
H(1500) 550 4 h 326 0.19 I
H(1500) 550 4 h 236 °C 299 0.17 I

Table 4.1: Nj-physisorption results of zeolites with different SiO,/Al,O3 ratios.
Where the materials with temperatures 258 °C, 224 °C and 205 °C in their name
refer to samples obtained from catalytic testing at those temperatures. Ads. Iso. =
Adsorption Isotherms. All measurements were obtained as described in section
2.6.5.
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Material Total pore vol. Ads. Iso.

(cm®g) Type

B-MFI temp. 7 0.02 \/**
NH,B-MFI 280 0.16 |
HB-MFI 550 4 h 300 0.17 |
HB-MFI 550 4 h 258 °C 276 0.17 |
Fe-MFI temp. 35 0.05 I
NH,Fe-MFI 312 0.21 |
HFe-MFI 550 4 h 290 0.19 |
HFe-MFI 550 4 h 224 °C 234 0.18 |

Ga-MFI temp. 2* 0.01 \/**
NH,Ga-MFI 277 0.16 |
HGa-MFI 550 4 h 319 0.18 |
HGa-MFI 550 4 h 205 °C 289 0.19 |

Table 4.2: N,-physisorption results of zeotype materials. Where the materials with
temperatures 258 °C, 224 °C and 205 °C in their name refer to samples obtained
from catalytic testing at those temperatures. Ads. Iso. = Adsorption Isotherm.
“temp” refers to template containing samples. * indicates a single point BET
surface area value. ** low Ny-physisorption levels make assignment difficult.

Adsorption isotherms may be observed in the appendix.

N,-physisorption studies of templated, NH;"-form, H*-form and post-reaction
zeotypes are shown in Table 4.2. Following oxidative template removal, a dramatic
increase in surface areas and pore volumes were observed and may be attributed

to liberation of the MFI microporosity.
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In contrast to the calcined zeolites, boron and gallium zeotypes slightly increased
in surface area following calcination. No evidence of extra-framework boron and
gallium species was found from *'B and "*Ga MAS-NMR spectra (Fig. 4.7 and Fig.
4.8). HFe-MFI 550 4 h has a lower surface area than NHs;Fe-MFI but this may be
due to extra-framework species decreasing pore accessibility. A subsequent
decrease in surface area was observed with all post-reaction samples and was
attributed to adsorbed carbonaceous species (originating from the MeOH

dehydration reaction) occupying surface area thus preventing No-physisorption.

4.3.3 TPO studies on zeolites and zeotypes

With increasing temperature from room temperature to 800 °C at 10 °C/min, all
zeolites (Figs. 4.14a-d) lose H,O < 250 °C and this was then followed by the loss of
adsorbed carbonaceous material and/or ammonia (for post-reaction and NH,"-form

samples respectively) and silanol dehydration = 650 °C.
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Figure 4.14a: TPO measurements of ZSM-5 (23) materials.

78



102

100

98

96

24

Weight (%)

92

20

88

86

102

101

100

99

98

Weight (%)

97

96

95

94

Zeolites TPO: ZSM-5 (80)

0.04
——— NH4(80) wi% ——— H(80) 550 4h wi% —— H(80) 550 4h 211'C wt%
=== NHA(80) deriv. Wt% = == H(80) 550 4h deriv. Wi% === H(80) 550 4h 211'C deriv. Wt%
'l 1
1
1
' ! 0.03 —
v o
1 f‘ E
§ Q
H
Q
0.02 %
u
3
2
o
0.01 @
I
A ‘\ YA psll:
L N hM*‘u\- H HY
At o N N . “‘,%‘-ﬁ-w‘ A
vy W“’""‘*’-'*‘.-;‘r\:%"k?ﬁ%% Py :-'.".‘.‘.ri%:-‘.*ﬂT" 0
100 200 300 400 500 600 700 800
Temperature (°C)
Figure 4.14b: TPO measurements of ZSM-5 (80) materials.
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Figure 4.14c: TPO measurements of ZSM-5 (280) materials.
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Zeolites TPO: ZSM-5 (1500)
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Figure 4.14d: TPO measurements of ZSM-5 (1500) materials.

Figures 4.14a-d: All measurements are described in the experimental chapter.
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Figure 4.15a: TPO measurements of B-MFI materials. The post-reaction sample

was obtained from catalytic testing at 258 °C.
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TPO of templated, NH,*-form, H*-form and I1SO Fe-MFI 550 4h.
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Figure 4.15b: TPO measurements of Fe-MFI materials. The post-reaction sample

was obtained from catalytic testing at 224 °C.
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Figure 4.15c: TPO measurements of Ga-MFI materials. The post-reaction sample

was obtained from catalytic testing at 205 °C.
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Figures 4.15a-c: All measurements are described in the experimental chapter.
Similar weight losses were observed in zeotypes with the exception of template
removal between 300-600 °C

Two apparent features of the templated zeotype TPOs were the shifts in peak
position and the differences in shape of the derivative weight loss peaks. Template
was removed in order of increasing temperature from Fe-MFI = Ga-MFI < B-MFI.
Both Fe-MFI and Ga-MFI derivative weight peaks showed a shoulder at = 415 °C.
These observations do not correlate with zeotype porosity, crystal morphology
and/or size which may have affected the mass transfer rates in and out of the
internal pore system. Instead it is conceivable that the iron and gallium species of
their respective zeotypes may act as oxidation catalysts for the template removal
[32]. Boron is not expected to be redox active.

H.O loss, template removal, ammonium ion decomposition and carbonaceous
adsorbate removal in zeolitic and zeotype materials as observed by CHN

elemental analyses are discussed overleaf.
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4.3.4 CHN analysis of zeolites and zeotypes

Material C (wt. %) H (wt. %) N (wt. %)
NH4(23) 0.00 1.58+0.02 0.79+0.00
H(23) 550 4 h 0.00 0.00 0.00
H(23) 550 4 h 200 °C 1.61 +£0.01 0.00 0.00
NH4(80) 0.00 0.75+0.04 0.36+0.01
H(80) 550 4 h 0.00 0.00 0.00
H(80) 550 4 h 211 °C 1.15+0.08 0.00 0.00
NH,4(280) 0.00 0.00 0.00
H(280) 550 4 h 0.00 0.00 0.00
H(280) 550 4 h 239 °C 0.00 0.00 0.00
NH4(1500) 0.00 0.00 0.00
H(1500) 550 4 h 0.00 0.00 0.00
H(1500) 550 4 h 236 °C 144+0.20 0.41+0.04 0.00

Table 4.3: CHN elemental analyses of zeolites with different SiO,/Al,O3 ratios. The
materials with temperatures 200 °C, 211 °C, 239 °C and 236 °C in their name refer
to samples obtained from catalytic testing at those temperatures. The error
presented within the table represents the spread of the 2 data points used to obtain
the average wt. % value within the table. All measurements were obtained as

described in section 2.6.3.

Following 550 °C 4 h calcination in air, the ammonium counter-ions of NH4(23) and
NH4(80) were decomposed to produce the H*-form 550 4 h zeolites (Table 4.3).
This is believed to occur in NH4(280) and NH4(1500) materials but it cannot be
confirmed by CHN due to the low nitrogen content. The hydrogen contents in NH,'-
form (23) and (80) are attributed to the presence of adsorbed water. Low carbon

content is evident following catalytic testing.
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Material

C (wt. %)

H (wt. %)

N (wt. %)

B-MFI temp. 7.76£0.06 158+0.02 0.79+0.00
NH4B-MFI 0.00 0.00 0.00
HB-MFI 550 4 h 0.00 0.00 0.00
HB-MFI 550 4 h 258 °C 0.96 +0.06 0.00 0.00
Fe-MFI temp. 7.25+0.10 153+0.06 0.73+0.01
NHsFe-MFI 0.00 0.00 0.65+0.01
HFe-MFI 550 4 h 0.00 0.00 0.00
HFe-MFI 550 4 h 224 °C 1.35+0.02 0.00 0.00
Ga-MFI temp. 795+0.27 160+0.09 0.77+0.07
NHsGa-MFI 0.00 0.00 0.36 + 0.02
HGa-MFI 550 4 h 0.00 0.00 0.00
HGa-MFI 550 4 h 205 °C 1.15+0.07 0.36+0.01 0.00

Table 4.4: CHN elemental analyses of zeotypes. The materials with temperatures
258 °C, 224 °C and 205 °C in their name refer to samples obtained from catalytic
testing at those temperatures. “temp” refers to template containing samples. The
error presented within the table represents the spread of the 2 data points used to
obtain the average wt. % value within the table. All measurements were obtained
as described in section 2.6.3.

Following 550 4 h calcination in air, the TPABr template is removed (Table 4.4).
Treble ammonium-exchange results in the removal of residual alkali metals and
increased nitrogen content and an additional 550 °C calcination step decomposed
the ammonium counter-ion to produce the H*-form 550 4 h zeotypes. Low carbon

content is apparent following catalytic testing.

84



4.4 Zeolite and zeotype catalytic testing

Arrenhius plots were constructed to compare the methanol dehydration rates of the

zeotypes against the zeolites which have both been characterised above.

Arrenhius plots: Methanol conversion overzeolites and zeotypes
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Figure 4.16: Arrenhius plots of a range of zeolites and zeotypes. Vertical error

bars represent the 1 standard deviation in the values obtained for each point.

For the zeolite materials in Fig. 4.16 the rate of MeOH conversion, at fixed
temperatures between 160 °C and 239 °C, increases with increasing nominal
framework aluminium content. This was expected as zeolite acidity is associated
with the aluminium component [33] and the reaction is an acid catalysed process.
For all zeolite plots, the gradients are rather similar and not outwith the error of one
another. The y-intercepts and therefore the number of active sites, generally
decrease with decreasing aluminium content. These observations do not appear to
be complicated by dealumination (Fig. 4.4) where dealumination may be expected
to alter both the apparent activation energy and the number of active sites.
However, extra-framework aluminium may also lower the number of accessible
active sites through channel plugging. The effects of extra-framework aluminium in
the zeolite systems on the methanol dehydration behaviour are not clear.
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All zeotype plots in Fig. 4.16 show zeotypes to possess comparable MeOH
conversion rates to those obtained over zeolites. As described in the general
introduction, Brénsted acid site strength is expected to follow the trend Al > Ga >
Fe > B > Si. Additionally, comparison of the methanol dehydration rates over H(80)
550 4 h and zeotypes at fixed temperatures between 168 °C and 258 °C gives a
heteroatom ranking of Al > Ga > Fe >> B for MeOH dehydration to DME in

agreement with the literature.

The apparent activation energy values of zeolites and zeotypes are rather similar
and generally within error of one another. As such, no definitive conclusion can be
drawn from the effect of heteroatom type on the apparent activation energy of the
reaction. Additionally, the surprisingly high y-intercept values obtained for H(1500)
550 4 h and HB-MFI 550 4 h may be explained by the contribution of weakly acidic

silanol species to methanol conversion.

4.5 Conclusions

Comparison of the structural, textural and catalytic properties of both zeolites and
zeotypes furnished some interesting results.

In situ hotstage PXRD studies indicate the orthorhombic MFI phase is the most
likely to exist under catalytic testing conditions for all of the MFI materials
examined. Using %’Al MAS-NMR it was demonstrated that all H*-form 550 4 h
zeolites possessed varying contents of extra-framework aluminium with no obvious
trend in the variation. By both MAS-NMR and ICP studies, zeolites’ aluminium
contents followed H(23) > H(50) > H(80) > H(280) > H(1500) and their nominal
content values were approximately accurate. The hydrophilicity of zeolites appears
to be a function of both aluminium and silanol group content. Water content in H*-
form 550 4 h zeolites generally decreased with decreasing aluminium content.
However, H(1500) 550 4 h was found to be significantly more hydrophilic than
initially expected, adsorbing more water than H(280) 550 4 h and this appeared to
be a result of relatively high silanol group content in H(1500) 550 4 h.

B-MFI, Fe-MFI and Ga-MFI were successfully synthesised by hydrothermal

methods as shown by PXRD analyses. Using *'B MAS-NMR and "*Ga MAS-NMR,
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both boron and gallium were shown to retain tetrahedral coordination following
template removal, ammonium-exchange and calcination to yield the H*-form. The
high degree of framework boron retention was unexpected because of its reported
relative instability. Furthermore, >°Si MAS-NMR spectra indicated SiO,/B,03 = 100,
significantly higher than the nominal value of SiO,/B,03; = 8. TPR studies showed
the iron zeotype to contain redox active extra-framework species. Zeotype
aluminium impurities were determined by EDX and ?’Al MAS-NMR and shown to
be negligible for B-MFI and Ga-MFI. However, an impurity may yet be present in
the iron zeotype material. The TPABr template was retained within the zeotypes
following hydrothermal synthesises and successfully removed by calcination in air
at 550 °C for 4 h. The oxidative template removal increased the BET specific
surface area by liberation of the internal pore channels but also decreased
crystallinity. Template removal from Fe-MFI and Ga-MFI materials was also
enhanced by the presence of the heteroatom.

SEM imaging showed Na(1500) 550 4 h, B-MFI (temp) and Ga-MFI (temp) to
possess characteristically intergrown morphologies. All other materials had crystal

sizes to too small to characterise.

Zeolite catalysts all possessed active sites of similar nature but the number of
active sites decreased with decreasing aluminium content, as would be expected
for an acid catalysed reaction. Comparison of zeolite and zeotype methanol
conversion activities at fixed temperatures between 168 °C and 258 °C gave a
heteroatom ranking of Al > Ga > Fe >> B for materials of similar heteroatom

content.
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5 Silica-bound ZSM-5

Having established both the temperature range of selective DME production in
Chapter 3 and the greater methanol dehydration activity of zeolites than zeotypes
in Chapter 4, bound-zeolites are discussed in Chapters 5 and 6 where binders are
necessary for scale-up of zeolite catalysts [1,2]. This chapter focuses on the effects

of silica binding upon ZSM-5.

Silica binding has been associated with altering porosity and acidity characteristics.
In the work of Wu [3], binding with silica reduced the micropore surface area to less
than that predicted from the sum of constituent parts. This was attributed to zeolite
micropore blockage by the binder. Additionally, the silica sources employed
contained alkali metals which were exchangeable with the protons of the Brénsted
acid sites of the zeolite component. The combination of these effects was reported
to lower catalytic activity for both butane transformation and ethylene
oligomerisation. By comparison of dry-mixed and wet-mixed silica-zeolite catalysts,
alkaline metal cations were demonstrated to migrate more readily during wet
preparations than during dry preparations as measured by total acid site
measurements using NH3-TPD. Additionally, the effect of solid-state ion-exchange

during calcination was minimal compared to the wet-mixing preparations.

In addition to micropore blockage and alkali metal poisoning, silica may also
display additional effects. The trapping of extra-framework aluminium by silica has
been reported [4,5]. This may result in preservation of the catalyst acidity and can
be beneficial or deleterious depending upon the reaction undertaken. Preservation
of crystallinity by the insertion of mobile silica species under hydrothermal
conditions has been shown for FCC [6,7] and amorphous silica-alumina-bound
mordenite catalysts [8]. Retardation of extra-framework aluminium formation by the
binder’s associated alkali metal contents may also occur [9]. Although alkali metal
content may improve the stability of a zeolite catalyst by retarding dealumination; in
the presence of steam the alkali metal will degrade the silica framework of the

zeolite.
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In this chapter on silica-bound ZSM-5, the effects of binder dilution, sodium content

and thermal/hydrothermal treatment will be discussed with respect to structural,

textural analyses and methanol dehydration catalytic performance.

Two different silica binders were studied — Ludox AS 40 and Ludox HS 40 silica

sols. Following binding, the resulting binder materials were named as follows in

Table 5.1.

Material

AS(23)

Description

Ludox AS 40-bound H-ZSM-5 (23)

HS(23)

Ludox HS 40-bound H-ZSM-5 (23)

Table 5.1: Silica-bound catalyst nomenclature. All samples were prepared such

that 50:50 dry wt. % of zeolite and binder are present in the activated catalysts.
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5.1 Silica binder materials

5.1.1 Structural analyses

Both Ludox AS 40 (designated AS) and Ludox HS 40 (designated HS) silica sols
were alkaline with pH values of 9 and 10 respectively. Following overnight drying at
110 °C and calcination, both silica binders were found to be X-ray amorphous
solids Fig. 5.1.

PXRD: Ludox silicas
800

700 =——AS5504h I
——HS 550 4h

600 ——AS uncalcined [—
——HS uncalcined
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=

300
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2theta

Figure 5.1: PXRD patterns of Ludox silicas. Measurements were obtained as

described in experimental section 2.6.6.

The short-range order in the structure of the silica materials was determined using
29Si MAS-NMR Fig. 5.2.
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Figure 5.2: 2°Si MAS-NMR spectra of Ludox silicas. All spectra were obtained on a

Varian VNMRS 400. *H-**Si CP spectra were overlaid and shown in red.

The broad #Si DE and *H-?°Si CP spectra show silicon to exist in heterogeneous
Si(OAl) (ca. — 111 ppm) and silanol environments (ca. — 103 ppm).
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Figure 5.3: ?’Al MAS-NMR spectra of Ludox silicas. All spectra were obtained on a
Varian VNMRS 400.

The ?’Al spectra above indicate the presence of a small, predominantly tetrahedral,
aluminium impurity in both silica materials. As indicated in Chapter 4, the level of
aluminium impurity was lower than that present in silicalite. Thermal analyses show
that the silanol species of the calcined silicas account for < 1 wt. % of the silica

samples (Fig. 5.4).
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TPO: Uncalcined and calcined Ludox silicas
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Figure 5.4: TPO measurements of uncalcined and calcined Ludox silicas.

Measurements were obtained as described in experimental section 2.6.8.

For all silica materials, all weight loss during the TGA measurement was assigned

to water desorption. CHN analyses showed no carbon or nitrogen content.

5.1.2 Textural analyses

Porosity in materials such as bound-zeolites may be divided into intra- or
interparticle porosity. Sources of intraparticle porosity include open crystallographic
structures such as those commonly found in zeolites and zeotypes as well as
defects purposefully introduced through dealumination, desilication and templating
processes [10]. The open crystallographic structure of zeolitic and zeotypic
materials are not generally affected by mechanical stresses during catalyst
preparation e.g. compaction. However, interparticle porosity is dependent upon the
packing arrangement of the catalyst components. The packing arrangement is
dependent upon factors including particle size and shape but may also be a

function of applied mechanical pressure e.g. through pelleting [11].
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Figure 5.5: No-physisorption isotherms of pressed Ludox silicas. All measurements

were obtained as described in experimental section 2.6.5.

The Na-physisorption isotherms of Ludox AS 550 4 h and Ludox HS 550 4 h are

shown

Mmesoporosity.

in Fig. 5.5. Both are type IV adsorption isotherms, indicative of
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Furthermore, hysteresis loops are type H2-like and as such pore size distributions

may be subject to network effects [12]. Both silicas possess similar mesopore

diameters with Ludox AS 550 4 h possessing a slightly wider distribution (Fig. 5.6).
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Figure 5.6: BJH pore size distributions of Ludox silicas. Measurements were

obtained as described in experimental section 2.6.5.

BET specific surface areas of 83 m?/g and 110 m?/g were obtained for Ludox AS
550 4 h and Ludox HS 550 4 h and both had total pore volumes of 0.21 cm®/g.
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Ludox AS 550 4h (unpressed) N,-physisorption isotherms
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Figure 5.7: N,-physisorption isotherm and BJH pore size distribution of Ludox AS

(unpressed). All measurements were obtained as described in experimental

section 2.6.5.

Without the pressing step, the type-IV adsorption isotherm (Fig. 5.7) provided a

BET surface area of 105 m?/g and a total pore volume of 0.21 cm®/g.
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Pressing does affect BET surface area and the pore size distribution of Ludox AS
550 4 h whereby pressing increases the uniformity of the mesopore size
distribution. However, the generation of the observed mesoporosity has been

mainly attributed to the loss of water during the calcination procedure [13].

5.1.3 Sodium content

Flame photometry showed dried Ludox AS 40 contained 0.05 £ 0.00 wt. % sodium
and Ludox HS 40 silicas contained 0.24 + 0.01 wt. % sodium (see section 2.6.2).

5.1.4 Catalytic analyses

Both Ludox AS 40 550 4 h and Ludox HS 40 550 4 h materials were inactive for

methanol dehydration.

5.2 Binder dilution

The simplest effect of zeolite binding is the dilution of the zeolite phase by the
binder component. The structural, textural and catalytic effects of Ludox AS 40

binder dilution on NH4(23) are discussed below.

5.2.1 Sample preparation

NH4(23) was bound with Ludox AS 40 or Ludox HS 40 in mixing ratios as
described in section 2.2.1 H(23) 550 4 h contents of 100 wt. %, 75 wt. %, 50 wt. %,
25 wt. %, 12.5 wt. % and 0 wt. % in silica were prepared as shown below.

5.2.2 Structural analyses

The intensities of the reflections relating to the zeolite component increase with
increasing zeolite content together with a corresponding decrease in the

amorphous silica pattern, as would be expected.
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PXRD: Binder dilution studies
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Figure 5.8: PXRD patterns of H(23)/Ludox AS binder dilutions. Patterns were

obtained as described in experimental section 2.6.6.

PXRD measurements in Fig. 5.8 do not show the presence of any additional

phases and the zeolite component possesses orthorhombic symmetry.

2’Al MAS-NMR spectra of the Ludox AS-bound zeolites (Fig. 5.9) show the
catalysts to contain greater tetrahedral/octahedral aluminium ratios with increasing
binder content. Two explanations from the literature for this observation include: (i)
trapping of extra-framework aluminium by the silica binder [4,5] and/or (ii)
retardation of extra-framework aluminium formation in the presence of alkali metals
[9]. This will be further discussed in section 5.4. If solely dilution occurred, the total
aluminium content within a bound zeolite would decrease with increasing silica
binder content the ratio of tetrahedral/octahedral aluminium should remain
constant. The change in tetrahedral/octahedral ratio with increasing silica is not a
consequence of dilution as (a) the silica binder was shown to possess negligible
aluminium content and therefore the observed aluminium content would primarily
originate from the zeolite component and (b) if the zeolite component is diluted, the
same tetrahedral/octahedral signal intensities should persist unless additional
binder effects such as extra-framework aluminium trapping or transfer of alkali
metal content to the zeolite component occurs.
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27Al DE MAS-NMR: Binder dilution
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Figure 5.9: ?’Al MAS-NMR spectra for binder dilution studies. Measurements were
obtained on a Varian VNMRS 400. Ludox AS(23) 550 4 h 50 wt. % zeolite has

been omitted for clarity.
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Figure 5.10: ?°Si MAS-NMR spectra binder dilution studies. All spectra were
obtained on a Varian VNMRS 400. H(23) 550 4 h 100 wt. % zeolite has been

omitted for clarity.
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With reference to the Ludox AS 550 4 h *°Si spectra in Fig. 5.2, all Ludox AS(23)
550 4 h samples included in Fig. 5.10 appear as composites of their constituent
components. No evidence of extra-framework aluminium trapping by the silica
matrix was observed. If trapping was to occur, it would be evidenced by increased
Si(1Al) peak intensity and/or new peaks corresponding to Si(2-4)Al between — 80
ppm to — 100 ppm.

5.2.3 Textural analyses

In addition to providing additional mesoporosity, literature suggests zeolite channel

blockage by binder materials may occur [14,15].

Catalyst Measured Measured Total pore
BET SA o] [e] vol.
(m?/g) pupore SA  (cm®/g)

(m*g)

100 wt. % H(23) 318 +48 316 £+48 0.20+0.01 31848 316 + 48

75 wt. % H(23) 267 £ 11 252+19 0.24+0.02 260+41 240 + 37

50 wt. % H(23) 196 + 19 166 +16 0.23+0.01 201%35 160 + 26

25 wt. % H(23) 169 +7 108+7 0.24+0.00 142+28 81+14

12.5 wt. % H(23) 140+ 1 45+ 2 0.22+0.00 112+26 42 +9

0 wt. % H(23) 83 +22 3+3 0.21 +0.00 83 +22 3+3

Table 5.2: No-physisorption results for binder dilution studies. Adsorption isotherms
can be found in the appendix. Catalysts contain H(23) 550 4 h in a Ludox AS silica
matrix, the wt. % of zeolite in the composite material is shown in the table.
Theoretical values were obtained from linear extrapolation between 100 wt. % and
0 wt. % H(23) 550 4 h materials. Errors correspond to the values obtained from *
the furthest outlier of repeated measurements. All measurements were obtained as

described in section 2.6.5
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Linear extrapolations of BET and micropore surface areas for 100 wt. % zeolite
and 0 wt. % zeolite were used to predict the surfaces areas of bound composites.
In apparent contradiction to some literature reports [14,15], BET and t-plot results
in Table 5.2 show the presence of the Ludox AS 40 550 4 h matrix to increase
catalyst total pore volume slightly rather than effect a decrease. Furthermore, the
surface areas of 25 wt. % zeolite and 12.5 wt. % zeolite materials area noticeably
increased. These increases are not generally outwith the error of the theoretical
values. Two possible explanations for this increase may include: lower extra-
framework aluminium content, allowing accessibility to previously inaccessible

surface area and/or the production of additional microporosity.

Extra-framework aluminium species have been reported as contributing to channel
blockage [4,5]. The ?’Al MAS-NMR spectra in Fig. 5.9 show the proportion of
framework aluminium to extra-framework aluminium content to increase with
increasing binder content where AS(23) 550 4 h (12.5 wt % zeolite) possesses the
greatest tetrahedral/octahedral ratio. It is therefore believed that the expected
lower surface area of the bound materials is obscured by the surface area
decrease caused by extra-framework materials in the unbound zeolite component.
On the other hand, microporosity itself cannot be solely attributed to the zeolite
component as Ludox AS 550 4 h also displayed a degree of microporosity. It was
possible that additional microporosity may have been generated by: calcination
[13]; the production of additional silicoalumino-phases from mobile zeolite and
binder species [16] and/or possibly at interphase boundaries [4,5]. However, no
clear structural evidence was found for the production of additional microporosity
by PXRD or MAS-NMR. Possibly the formation of additional microporosity is less
significant (if it even occurs) than the effects of pore blockage by extra-framework

aluminium.

It should be born in mind that the use of N,-physisorption on materials with 3D pore
systems is less sensitive towards partial pore blockage or external surface
blockages as channels may be filled with adsorbate through multiple routes [2]. For
example, it may be envisaged that if all of the external pores except one were
plugged in Fig. 5.12a, the surface area as determined by N,-physisorption would
be largely unaffected. Catalytic activity may be more sensitive to such blockages.
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Closer inspection of PXRD results for these materials (Fig. 5.11) shows channel
filling to increase with increasing binder content [17]. This would indicate the binder

and not extra-framework aluminium to cause zeolite pore filling.

The effect of binder content on zeolite pore channel filling as observed by
PXRD analysis

8.00
@ H(23) 550 4h 100% zeo

7.00 — - AS(23)5504h 75% zeo
A AS(23)5504h 50% zeo

6.00 — # AS(23)5504h 25%zeo %
m AS(23)5504h 12.5% zeo

w
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Drywt % of binderin AS(23) 550 4h

Figure 5.11: PXRD - Zeolite channel filling in binder diluted H-ZSM-5 (23). ‘Ref. A’
= 2[(101), (011), (200), (020) and (111) reflection intensities] and ‘Ref. B’ = 2[(501),
(051), (151), (303) and (133) reflection intensities]. Error bars correspond to + the
furthest outlier of repeat measurements. All measurements were obtained as

described in section 2.6.6.

However, the measured BET specific surface areas do not show the expected
decrease in BET surface area expected from silica binding [3]. Channel filling may
be attributable to both extra-framework and binder species to varied extents and
the mode of pore filling may explain the N»-physisorption and PXRD results.
Schematic representations are given as visual aids in this explanation. (Figs.
5.12a-c).
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Figure 5.12a: Schematic of ZSM-5 pore channel system with no blockages.

Figure 5.12b: Schematic of ZSM-5 with a ‘plugged’ channel system.

Figure 5.12c: Schematic of ZSM-5 with a ‘filled’ channel system.

Fig. 5.12a is an unblocked pore system with complete surface area accessibility.

Assuming the blocking species are immobile, region A of Fig. 5.13b is inaccessible

to absorbates and a lower surface area would be measured from physisorption
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studies. In addition, Fig. 5.12c would result in the same surface area value.
However, the degree of channel filling is different between Fig. 5.12b and Fig.
5.12c. As such, PXRD analyses of MFI systems with ‘plugging’ blockages would
show channel filling to be lower than that of MFI systems with ‘filling’ blockages. An
analogous situation may exist for the binder dilution systems where extra-
framework aluminium species result in a greater extent of ‘plugging’ than filling’

and vice versa for mobile silica species.

It was believed that, from structural and textural characterisation, partial zeolite
channel filling had occurred as a result of binding. This was however masked in N-
physisorption measurements by the pre-existing extra-framework aluminium

species generated from the zeolite component during calcination.

5.2.4 Catalytic testing

The results in Fig. 5.13 show unbound H(23) 550 4 h to have given the highest
methanol conversion rate out of all materials probed. On the other hand, Ludox AS
550 4 h showed no observable methanol dehydration activity although methanol
adsorption was observed in the first 5-30mins on stream. It may be expected that
the resulting methanol dehydration activity of the Ludox AS-bound H(23) 550 4 h
materials to be the sum of the methanol dehydration rates of the constituent
components. As shown in the Arrenhius plot below, the methanol dehydration rates
were lower than those predicted by the sum of constituent parts and were
increasingly lower with increasing binder content as were the apparent activation

energies and y-intercepts.
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Arrenhius plots: Methanol conversion over Ludox AS bound H(23) 550 4h
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Figure 5.13: Arrenhius plots of a range of zeolites/binder dilutions. Vertical error
bars represent the 1 standard deviation in the values obtained for each point.
Theoretical values correspond to expected results from the sum of constituent

parts.

With increasing binder content the apparent activation energy decreases. This may
be attributed to increased tetrahedral aluminium retention and/or pore filling as
shown in the 2’Al MAS-NMR spectra in Fig. 5.9 and PXRD analyses in Fig. 5.11
respectively. The decreasing methanol conversion rates with increasing binder
contents were attributed to a combination of: dilution of the zeolite component;
increasing pore filling and increasing sodium content. The effects of sodium

content are further discussed in sections 5.3.3 and 5.4.
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5.3 Ludox AS 40 and Ludox HS 40 bound ZSM-5 (23)

5.3.1 Structural analyses

PXRD analyses of Ludox AS(23) 550 4 h 50 wt. % zeolite and Ludox HS(23) 550 4
h 50 wt. % zeolite (Fig. 5.14) showed no new crystalline phases to be formed

following binding and calcination.

PXRD: Ludox silica bound H-ZSM-5 (23) 550 4h - 50 wt% zeolite
1200

1000

800 ——AS(23) 550 4h
——HS(23) 550 4h

600

In{counts)

400
: -MM
0
5 10 15 20

Figure 5.14: PXRD patterns of silica-bound ZSM-5 (23) catalysts. Measurements

25 30 35 40 45 50
2 theta

were obtained as described in experimental section 2.6.6.

The zeolite component of both catalysts was of orthorhombic symmetry,

possessed similar crystallinities and extents of channel filling.

2’Al MAS-NMR spectra of both bound zeolites (Fig. 5.16) show the materials to

contain mostly tetrahedral aluminium with differing octahedral aluminium content.

Flame photometry showed AS(23) 550 4 h to possess 0.05 wt. % sodium and
Ludox HS(23) 550 4 h to possess 0.15 wt. % sodium. Both materials contained the

same wt. % of silica and were bound by the same method. If extra-framework
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aluminium trapping by the silica matrix was the only cause for decreased
octahedral aluminium formation then both ?’Al spectra should have the same
tetrahedral / octahedral ratios, which they do not. Therefore, the differences in
extra-framework aluminium contents were attributed to the sodium contents of the

bound materials.

298i DE MAS-NMR: Ludox AS and Ludox HS bound H(23) 550 4h
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—AS5(23) 550 4h 50 wt% zeo //\
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Figure 5.15: %Si MAS-NMR spectra of silica-bound ZSM-5 (23) catalysts. All

spectra were obtained on a Varian VNMRS 400.

Both AS(23) 550 4 h and HS(23) 550 4 h appear as the sum of their constituent
parts (Fig. 5.15). A moderately intense shoulder is observable at = -106 ppm for the
AS(23) 550 4 h spectra is consistent with the presence of an H(23) 550 4 h
component. The Ludox HS(23) 550 4 h spectra are broader than that of Ludox
AS(23) 550 4 h, possibly indicating greater disorder. This broadening obscures the
Si(1Al) peak of Ludox HS(23) 550 4 h making interpretation of the effect of the

binder on the aluminium component difficult.
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27A1 DE MAS-NMR: Ludox AS and Ludox HS bound H(23) 550 4h

—AS(23) 550 4h 50 wt% zeo
\ —HS(23) 550 4h 50 wt% zeo
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Figure 5.16: *’Al MAS-NMR spectra of silica-bound ZSM-5 (23) catalysts. All

spectra were obtained on a Varian VNMRS 400.

The decreased octahedral aluminium content and the downfield shift of the
tetrahedral peak in Ludox HS(23) 550 4 h correlates with the increased sodium
content. As such, the retardation of extra-framework aluminium formation by
sodium was believed to occur. This does not however rule out the possibility of
extra-framework aluminium trapping by the silica matrix, as will be further

discussed in section 5.4.
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5.3.2 Textural analyses

N2-physisorption results in Table 5.3 below show both AS(23) 550 4 h and Ludox

HS(23) 550 4 h to possess similar micropore surface areas and pore volumes.

Material BET SA t-plot ypore SA Pore vol. Ads. Iso.
(m*g) (m*g) (cm/g) Type
H(23) 550 4 h 318 +48 316 + 48 0.20+0.01 I
AS(23) 550 4 h 196 + 9 166 + 9 0.23+0.01 v
AS 5504 h 83122 33 0.21 +£0.00 v
HS(23) 550 4 h 222 165 0.23 I/1v
HS 5504 h 110 6 0.21 v

Table 5.3: Nj-physisorption results for silica-bound ZSM-5 (23) catalysts. Results
were obtained as described in the experimental chapter. Errors correspond to the
values obtained from duplicate runs. Ads. Iso. = Adsorption Isotherm. Adsorption

isotherms can be found in the appendix.

As with Ludox AS 40, binding of ZSM-5 (23) with Ludox HS 40 increases the
catalyst porosity beyond the sum of constituent parts. It was believed that, from
structural and textural characterisation, partial zeolite channel filling had occurred

as a result of binding, in addition to increased silica matrix porosity.
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5.3.3 Catalytic testing

In Fig. 5.17, the lower methanol conversion rates of H5(23) 550 4 h, over the
temperature range tested, were attributed to increased acid site poisoning by the

increased sodium content.

Arrenhius plots: Methanol conversion overZSM-5 (23) / Ludox silica 550 4h
composites catalysts
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Figure 5.17: Arrenhius plots of silica-bound H(23) 550 4 h catalysts. Vertical error
bars represent the 1% standard deviation in the values obtained for each point.
Sodium contents were determined by flame photometry and the error is the furthest

outlier of duplicate measurements.

With similar porosities and binder content, the extent of pore blockage would be
expected to be similar for both materials. The lower methanol conversion rates for
Ludox HS(23) 550 4 h may be the result of alkali metal poisoning.
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5.4 Sodium-exchanged zeolites

5.4.1 Sodium content

To further observe the effect of sodium content on the methanol dehydration rate, a
series of partially sodium-exchanged zeolites were prepared as described in the
experimental chapter. Their sodium contents were determined by flame photometry
and are given below in Table 5.4.

Material Sodium (wt. %)

H(23) 550 4 h (no exchange) 0.04 £ 0.00
Na/H(23) 0.05M 1Ex 550 4 h 0.24 + 0.00
Na/H(23) 1M 1Ex 550 4 h 0.55 + 0.01
Na/H(23) 1M 3Ex 550 4 h 0.65+0.01

Table 5.4: Sodium flame photometry results for ZSM-5 (23) materials. Duplicate

measurements were obtained as described in the experimental section 2.6.2.

Flame photometry results in the table above show the sodium contents of the
partially exchanged zeolites.
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5.4.2 Structural analyses
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Figure 5.18: PXRD patterns of ion-exchanged ZSM-5 (23) materials. All patterns

were obtained as described in section 2.6.6.

PXRD patterns of NH4'-, Na*- and H"-form 550 4 h ZSM-5 (23) are shown in Fig.

5.18. No significant changes in unit cell structure or symmetry were observed
following 550 °C 4 h calcination. Crystallinity decreases slightly following

calcination but the sodium content appears to have little effect. No simple

correlation between apparent channel filling and sodium content could be

determined as presented in Fig. 5.19 overleaf [17].
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The effect of sodium content on ZSM-5 (23) 550 4h pore channel filling as
observed by PXRD analysis

8.00
7.00
6.00
< 5.00
. A
2 ¢
~. 4.00
o
@ ¢
& 3.00
® H(23) 550 4h (un-exchanged)
2.00 = NaH(23) 0.05M 1Ex 550 4h
A NaH(23) 1M 1Ex 550 4h
1.00
+ NaH(23) 1M 3Ex 550 4h
0.00
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Wt % of sodium in ZSM-5 (23)

Figure 5.19: PXRD - Zeolite channel filling in sodium-exchanged ZSM-5 (23). ‘Ref.
A = Z[(101), (011), (200), (020) and (111) reflection intensities] and ‘Ref. B’ =
2[(501), (051), (151), (303) and (133) reflection intensities]. Error bars correspond

to + the furthest outlier of repeat measurements (repeated = 2x).

MAS-NMR studies of the sodium-exchanged and uncalcined materials show minor
differences following sodium-exchange (Figs. 5.20 and 5.21).
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Figure 5.20: ?°Si spectra of uncalcined NH,*-form and Na*-form ZSM-5 (23). ?°Si

spectra for NH4(23) were obtained on a Varian VNMRS 400 and #’Si spectra of
Na(23) were obtained on a Varian Unity Inova 300.
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Figure 5.21: ?’Al MAS-NMR spectra of NH,*-form and Na*-form ZSM-5 (23). All

spectra were obtained on a Varian VNMRS 400.
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Both materials retain similar framework aluminium contents and average silicon
coordinations of Si(OAl) and Si(1Al). Aluminium is also tetrahedrally coordinated

and a very small octahedral content observed in both materials.

Following calcination at 550 °C for 4 h, differences in the materials become more

apparent (Figs. 5.22 and Fig. 5.23).

23Si DE MAS-NMR: Sodium-exchanged ZSM-5 (23) 550 4h
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Figure 5.22: %Si MAS-NMR spectra of partially sodium-exchanged ZSM-5 (23).
H(23) 550 4 h #Si spectra were obtained on a Varian VNMRS 400 and Na(23) 550

4 h ?°Sj spectra were obtained on a Varian Unity Inova 300.

119



2771 DE MAS-NMR: Sodium-exchanged ZSM-5 (23) 550 4h
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Figure 5.23: ’Al MAS-NMR spectra of partially sodium-exchanged ZSM-5 (23). All

spectra were obtained on a Varian VNMRS 400.

Following calcination, the °Si spectra of all materials broaden, which is indicative
of an increase in the heterogeneity of the silicon coordination environments (Fig.
5.22). The Si(1Al) shoulder at ca. -107 ppm is lower in the H(23) 550 4 h spectra
than the sodium-exchanged ZSM-5 (23) materials, indicating a decrease in
framework aluminium content. Additionally, 2’Al spectra shows both H(23) 550 4 h
and NaH(23) 0.05M 1Ex 550 4 h to possess a lower tetrahedral / octahedral ratio
than NaH(23) 1M 1Ex 550 4 h and Na(23) 550 4 h (Fig. 5.23). This is consistent
with the observation that the sodium counter ion retards extra-framework

aluminium formation.
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5.4.3 Textural analyses

5.4.3.1 Ny-physisorption

Material Pore vol. Ads. Iso.
(cm®/g) Type

NH4(23) 319 0.20 |
Na(23) 1M 3Ex 245 + 8 0.15 + 0.01 |
H(23) 550 4 h 318 +48 0.20+0.01 I
NaH(23) 0.05M 1Ex 550 4 h 295 0.19 I
NaH(23) 1M 1Ex 550 4 h 271 0.17 I
Na(23) 1M 3Ex 550 4 h 253 +7 0.16 £+ 0.01 I

Table 5.5: N,-physisorption results for sodium-exchanged ZSM-5 (23) 550 4 h. All
measurements were obtained as described in the experimental chapter. Ads. Iso. =
Adsorption Isotherm. Adsorption isotherms may be found in the appendix. Errors

represent the further outlier of repeat runs.

The BET specific surface area (Table 5.5) was affected by the presence of the
sodium counter ion. Following calcination, surface area decreases with increasing
sodium content. This is consistent with the increased channel filling observed by
PXRD analyses. Decreased BET specific surface area has been chiefly attributed
to strongly adsorbed adsorbate on the sodium-exchanged samples as will be
shown by TGA analyses in the following section.

5.4.3.2 Thermogravimetric analyses

The observed decrease in Ny-physisorption surface areas with increasing sodium
content can be explained by the presence of strongly adsorbed adsorbate on the
samples (Fig. 5.24).
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TGA: Activation mimic of partially sodium exchanged ZSM-5 (23) 550 4h
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Figure 5.24: TGA measurements of sodium-exchanged ZSM-5 (23) 550 4 h.

Measurements were obtained as explained in experimental section 2.6.8.

Overnight degassing at 120 °C, prior to N,-physisorption measurements, was
insufficient to remove all of the adsorbed species observed between ca. 180 °C -
300 °C. Weight loss within this temperature range increases with increasing sodium
content. Therefore, any changes in the surface area of the zeolites themselves with
sodium-exchange are obscured by the decrease associated with incomplete
degassing. The evolution temperature of the strong adsorbate is lower than both
sodium carbonate [18] and sodium nitrate [19] decomposition temperatures and as

such the identity of the strong adsorbate was undetermined.

5.4.4 Catalytic testing

The strong effect of sodium content on methanol dehydration rates is clearly
observable in Fig. 5.25. The decrease in methanol dehydration rates is much

greater than those observed via binder dilution.
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Arrenhius plots: ZSM-5 (23) with different degrees of sodium exchange
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Figure 5.25: Arrenhius plots of sodium-exchanged ZSM-5 (23) catalysts. Vertical
error bars represent the 1% standard deviation in the values obtained for each

point.

The apparent activation energies of the sodium-exchanged samples are largely
similar and within the error of one another. As such, the primary affect of sodium
on the catalytic activity of the ZSM-5 catalysts is to reduce the number of active
sites as shown by a decrease in the y-intercept. The dramatic decrease in y-
intercept and methanol conversion rates between 160-310 °C was attributed to acid

site neutralisation by the sodium counter ions.
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5.5 Extreme calcination and steaming

Higher calcination temperatures and steaming treatments are common practices in
industrial zeolite chemistry. Zeolite catalysts are known to be purposefully steamed
to affect catalytic properties such as acid site number, strength, mechanical
properties and/or lifetime desirably. Steaming has been reported as increasing acid
site strength, e.g. in USY [20]. Relative to low-silicon-containing zeolites such as
faujasite, high-silica zeolites such as ZSM-5 have been reported as being more
resistant to the effects of steam treatment [21]. Nonetheless, it was of interest to
study the effects associated with increased calcination temperature and steaming

treatments. The treatments employed are described in Table 5.6.

Material Description

5504 h Calcined at 550 °C for 4 h
Steamed Steamed at 550 °C for 4 h
75072 h Calcined at 750 °C for 72 h

Extremely steamed Steamed at 750 °C for 72 h*

Table 5.6: The nomenclature for calcination and steaming treatments. These
procedures were undertaken with a 1/2 H,O in Ar mixture. * = the water source

evaporated after ca. 6 h.

In this section Ludox AS-bound H-ZSM-5 (23) and Ludox HS-bound ZSM-5 (23)
are treated under the different thermal and hydrothermal conditions stated in Table

5.6 and their structural, textural and catalytic properties are compared.
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5.5.1 Ludox AS(23) and Ludox HS(23) 50 wt. % zeolite materials
5.5.1.1 Structural analyses

PXRD: Ludox AS(23) and Ludox HS(23) following steam treatment
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Figure 5.26: PXRD patterns of silica-bound ZSM-5 (23) catalysts following
calcination or steaming. Measurements were obtained as described in the

experimental chapter.

Following steam treatment, both Ludox AS(23) steamed and Ludox HS(23)
steamed possessed similar extents of crystallinity. Both materials retain
orthorhombic symmetry and there was no apparent change in unit cell dimensions.
However, low-angle peak intensities suggested Ludox HS(23) steamed to possess

a greater degree of pore filling than Ludox AS(23) steamed [17].
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29S5i DE MAS-NMR: Ludox AS and Ludox HS bound H(23) calcined and steamed
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Figure 5.27: 2°Si MAS-NMR spectra of silica-bound ZSM-5 (23) catalysts following

calcination or steaming. All spectra were obtained on a Varian VNMRS 400.

In Fig. 5.27, the shoulder peak at ca. -106 ppm which is assigned to Si(1Al)
decreases in both Ludox AS(23) and Ludox HS(23) materials following steaming.
This is indicative of dealumination of the zeolite. Closer inspection of the two
steamed samples shows Ludox HS(23) steamed to retain slightly more Si(1Al) than
Ludox AS(23) steamed — this may be attributed to retardation of extra-framework
formation in the presence of increased sodium content. Examination of the #’Al
MAS-NMR spectra (Fig. 5.28) shows both Ludox AS(23) 550 4 h and steamed
samples to possess a greater proportion of octahedral aluminium than either Ludox
HS(23) 550 4 h or HS(23) steamed. This is once again attributed to the increased
sodium content of the catalyst and more specifically, the migration of sodium from
the binder component to the zeolite component. Whilst predominantly tetrahedral,
both materials show non-tetrahedral aluminium geometries, octahedral aluminium
is clearly observed ca. 0 ppm as well as 5-coordinate aluminium ca. 30 ppm. The
assignment is based upon ?’Al MAS-NMR of Andalusite [22] and the assignment of

5-coordinate aluminium in zeolitic environments is still a subject of debate [23,24].
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27A1 DE MAS-NMR: Ludox AS and Ludox HS bound H(23) calcined and steamed
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Figure 5.28: *’Al MAS-NMR spectra of silica-bound ZSM-5 (23) following

calcination or steaming. All spectra were obtained on a Varian VNMRS 400.

5.5.1.2 Textural analyses

Surprisingly, for silica-bound ZSM-5 (23), BET specific surface areas and total pore

volumes were not greatly affected by steam treatment Table 5.7.
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Material t-plot ppore Porevol. Ads. Iso.

SA (m?/g) (cm®/g) Type
Ludox AS (23) 550 4 h 196 + 19 130+ 9 0.23+0.01 I/IV
Ludox AS (23) steamed 212 +19 101 +£7 0.23+0.00 I/IV
Ludox HS (23) 550 4 h 222 136 0.23 v
Ludox HS (23) steamed 212 £ 15 136 £ 6 0.22 +£0.03 I/IV

Table 5.7: Nz-physisorption results for silica-bound ZSM-5 (23) following
calcination or steaming. Ads. Iso. = Adsorption Isotherm. Measurements were
obtained as described in experimental section 2.6.5. Adsorption isotherms may be
found in the appendix.

Both silica-bound ZSM-5 (23) materials possessed similar BET specific surface
areas before and after steaming. The decreased microporosity of Ludox AS (23)
following steaming may be attributable to micropore blockage by newly formed
extra-framework aluminium species. The retention of a similar micropore surface
area in calcined and steamed Ludox HS (23) materials may be the result of lower
extra-framework aluminium content. As with the Ludox AS(23) 550 4 h binder
dilution studies, not all microporosity may be associated with the zeolite

component.

5.5.1.3 Catalytic testing

Following steam treatment, the apparent activation energy and the y-intercept
decreased for both materials (Fig. 5.29)
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Arrenhius plots: The effect of steaming on Ludox AS(23) and Ludox HS(23)

catalysts
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Figure 5.29: Arrenhius plot of silica-bound ZSM-5 (23) following calcination or
steaming. Vertical error bars represent the 1% standard deviation in the values

obtained for each point.

The apparent activation energies of both calcined and steamed silica-bound
catalysts are similar and both decrease following steaming. The decrease in the y-
intercept may be associated with the increase in extra-framework aluminium

content and partial channel blockage following steaming of both materials.

5.5.2 H-ZSM-5 (23) and Na-ZSM-5 (23) materials
5.5.2.1 Structural analyses

The MFI unit cell structure of H(23) was surprisingly robust to the different

calcination and steam treatments applied (Fig. 5.30).
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PXRD: H(23) following different calcination and steam treatments
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Figure 5.30: PXRD patterns of H(23) following increasing treatment severity.

Patterns were obtained as described in section 2.6.6.

Relative to H(23) 550 4 h, crystallinity decreases in the order 550 4 h > 750 72 h >
steamed > extremely steamed. Also, pore filling decreases in the same order [17].

No clear changes in unit cell dimensions or symmetry were observed.

In Figs. 5.31a-b, the Si(1Al) shoulder peaks at ca. -107 ppm decreased with
increased treatment severity. The framework aluminium contents of the thermally
and hydrothermally treated H-ZSM-5 (23) decreased in the following order H(23)
550 4 h > steamed = 750 72 h > extremely steamed. As aluminium was removed
from the frameworks, significant changes in the local environment of the aluminium

were observed (Figs. 5.32a-b)
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Figure 5.31a: °Si MAS-NMR spectra of H(23) — calcined and steamed. All spectra
were obtained on a Varian Unity Inova 300.
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Figure 5.31b: ?°Si MAS-NMR spectra of H-ZSM-5 (23) - extremely treated.
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Figure 5.32a: ’Al MAS-NMR spectra of H(23) — calcined and steamed. All spectra
were obtained on a Varian VNMRS 400. Asterisks (*) = Spinning side bands

133



27A] DE
H(23) 750 72h

1.140

30.428

|
\ i |
! ll‘- iII ||
| o
o
|
L
| |
| \
[ {
.'II |
/ b
X o \ e "

At gt e ""“‘"“*""-ﬂ“"”“"vmwfp“ww alibal™ "t‘-._..q-q\.\-’*’»»'m"-,»*-f.-:\..-N""'“ T M AR g s P e
L O e L L
400 300 200 100 0 -100 -200 -300 -400 ppm

27TA1 DE
‘*l H(23) extremely
] steamed
1
|
| \
\I
n
|
.fr \]‘

4M~Mwmmw\.mﬂwwm,m\hw'wﬂh‘“MJ WWW-Wmmmm.ﬁwwmhﬂwwmw

400 300 200 100 0 -100 -200 -300 -400 ppm

Figure 5.32b: ?’Al MAS-NMR spectra of H(23) — extremely treated. All spectra
were obtained on a Varian VNMRS 400.
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Both H(23) steamed and H(23) 750 72 h samples gave similar spectra clearly
displaying tetrahedral (ca. 50 ppm), 5-coordinate (ca. 30 ppm) and octahedral (ca.
0 ppm) aluminium. Unexpectedly, H(23) extremely steamed contained mostly 5-

coordinate aluminium.

The MFI unit cell structure of Na(23) was less resistant than H(23) to the different

calcination and steaming treatments applied.

PXRD: Na(23) following different calcination and steam treatments
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Figure 5.33: PXRD patterns of Na(23) following increasing treatment severity.

Patterns were obtained as described in section 2.6.6.

With increased treatment severity, the crystallinity of Na(23) decreases in the order
Na(23) 550 4 h > Na(23) steamed > Na(23) 750 72 h > Na(23) extremely steamed.
These decreases in crystallinity were because of the presence of both sodium and

steam, at calcination temperatures, destroying the MFI framework.
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238i DE MAS-NMR: Na-ZSM-5 (23) - treatment severity.
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Figure 5.34: ?°Si MAS-NMR spectra of Na(23) following increasing treatment

severity. Spectra were obtained on a Varian Unity Inova 300.

Despite the decreased crystallinity with increased treatment severity, the
framework aluminium content (as indicated by the Si(1Al) peak intensity in the 2°Si
spectra of Figs. 5.34 only slightly decreases. However, the spectra do broaden
significantly indicating an increase in the heterogeneity of the ?°Si environments.

Fig. 5.35 shows little effect of treatment on the proportion of octahedral aluminium
species. Broadening of the tetrahedral aluminium peak at ca. 55 ppm and an
increase in 5-coordinate aluminium ca. 30 ppm is observed in the extremely
steamed sample. This increase in the heterogeneity of aluminium speciation
corresponds to the degradation of the MFI framework. Despite the damage to the
crystal structure shown by PXRD, the sodium continues to retard extra-framework
aluminium formation even through extreme calcination and extreme steaming

treatments as shown by the strong tetrahedral aluminium signal at ca. 55 ppm,
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27Al DE MAS-NMR: Na-ZSM-5 (23) - treatment severity.
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Figure 5.35: Al MAS-NMR spectra of Na(23) following increasing treatment

severity. Spectra were obtained on a Varian VNMRS 400.
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5.5.2.2 Textural analyses

N2-physisorption studies provided the following results (Table 5.8).

Material BET SA t-plot ypore SA  Porevol. Ads. Iso.
(m*g) (m*g) (cm/g) Type

H(23) 550 4 h 318 +£48 316 + 48 0.20+0.01 I
H(23) S 307 290 0.20 I
H(23) 750 72 h 287 272 0.20 I
H(23) XS 214 184 0.15 I
Na(23) 550 4 h 253 +7 246 + 7 0.16 + 0.01 |
Na(23) S 254 244 0.17 I
Na(23) 750 72 h 246 244 0.15 |
Na(23) XS N. Q. N. Q. N. Q. -

Table 5.8: N,-physisorption results for both H*-form and Na'-form ZSM-5 (23).
Measurements were obtained as described in section 2.6.5. Adsorption isotherms
may be found in the appendix. Ads. Iso. = Adsorption Isotherm. S = Steamed and
XS = Extremely steamed materials. N. Q. = Not Quantifiable.

For all materials presented in Table 5.8, little change occurs in the materials until
subjected to extreme steaming. Following extreme steaming, H(23) retains more
than half its microporosity and possessed an adsorption step at ca. 0.2 P/Po which
is discussed in greater detail in section 6.3.2.2. Na(23) showed no measurable
surface area. PXRD analysis of Na(23) extremely steamed showed a decrease in
crystallinity. It is believed that the significant decrease in the extent of Nj-
physisorption is due to channel blockage. Blockages arise from the extra-
framework species produced by the sodium and steam-mediated zeolite framework
degradation. As was shown in the ?’Al MAS-NMR spectra, aluminium is mostly of

tetrahedral geometry.
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5.5.2.3 Catalytic testing

Methanol conversion rates decrease, over fixed temperatures between 160-245
°C, with increasing severity of steam treatment (Fig. 5.36). Compared to H(23) 550

4 h, steam treatments decrease both the apparent activation energy and the y-

intercept.
Arrenhius plots: Methanol conversion over H-ZSM-5 (23) following steam
treatments of increasing severity
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Figure 5.36: Arrenhius plots of steam treated H-ZSM-5 (23) materials. Vertical
error bars represent the 1% standard deviation in the values obtained for each

point.

Both H(23) 550 4 h and H(23) extremely steamed plots provide similar gradients
and therefore catalytic studies indicate no significant change in the nature of the
active sites. However, H(23) steamed appears subject to mass transfer limitations
as both the apparent activation energy and the y-intercept values are very low.
This may be because of partial channel blockage by extra-framework material of
which both Nj-physisorption and PXRD analyses provide no indication. Following
either steam treatments, the y-intercept decreases — indicating a decrease in the

number of active sites.
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Furthermore, both Na(23) steamed and Na(23) extremely steamed showed no
measurable methanol conversion activity. This was attributed to acid site
neutralisation and zeolite degradation as was found by Letzsch and co-worker [25].

5.6 Conclusions

Both Ludox AS and Ludox HS silica binder materials formed amorphous
mesoporous matrices following calcination as shown by PXRD patterns and No-
physisorption studies. Surface area and pore volume were slightly decreased by
pre-calcination pelleting and an increase in mesopore size uniformity was observed

by BJH pore size distribution analyses.

From the binder dilution studies, modification of porosity characteristics was
evidenced. The BET specific surface area and micropore surface areas of the
calcined catalysts were generally within the error of those predicted by the sum of
constituent parts. ’Al MAS-NMR indicated the proportion of extra-framework
aluminium to framework aluminium decreased with increasing binder content with
the 100 wt. % H(23) 550 4 h possessing the most extra-framework aluminium of
binder dilution study materials. However, this was not an effect of dilution but a
consequence of increasing sodium content with increasing binder content, as was
shown by 2’Al MAS-NMR of sodium-exchanged ZSM-5 (23) possessing much
lower octahedral aluminium content than the H*-form. Furthermore, PXRD
analyses showed the 12.5 wt. % zeolite in Ludox AS 550 4 h sample to possess
the least extra-framework aluminium content but the highest degree of channel
filling’. Therefore, it was concluded that zeolite Nj-physisorption results were
artificially low because of pre-existent pore ‘plugging’ extra-framework aluminium
species. With increasing binder content the mode of blockage gradually switched
from pore ‘plugging’ by extra-framework aluminium species to pore filling by binder
species. As such, transfer of chemical species from the binder to the zeolite was

believed to be the cause of such surface area observations.

Silica-bound catalysts are less active than the sum of constituent parts. Results are
consistent with sodium migrating from the binder to the zeolite, neutralising zeolite

acid sites as well as pore blockage by non-framework silica species.
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No clear evidence of extra-framework aluminium trapping by the silica matrix was

observed by MAS-NMR measurements.

Sodium-exchange studies showed no structural changes were observed following
sodium-exchange. However, with increasing thermal and hydrothermal treatment
severity the protonated and sodium-form zeolites showed obvious differences.
Increased sodium content decreased MFI crystallinity, retarded extra-framework
aluminium formation; decreased surface areas and pore volumes via textural

analyses and decreased methanol conversion rates.
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6 Alumina-bound ZSM-5

Having addressed the application and effects of silica binders in chapter 5; the
application and effects of alumina binders will be considered in this chapter.

Despite the general lack of studies in this area [1], the effect of alumina binding
methods have been examined previously by Wu [2] with respect to catalyst texture
and catalytic activity. Boehmite-binding of ZSM-5, through dry-powder-mixing and
wet-powder-mixing methods, resulted in reduced micropore surface area. This was
attributed to pore blockage. Additionally, similar micropore surface area values
were obtained for both dry-powder and wet-powder mix samples indicating similar
degrees of micropore blockage. FTIR, pyridine-adsorption FTIR and NH3-TPD
measurements indicated boehmite-binding (via both dry and wet methods) to lower
both total and Brénsted acidities of H-ZSM-5. This was interpreted as evidence of
alkali metal exchange from boehmite to the zeolite component occurring as readily
through both solution (wet-mixing then calcination) and solid-state (powder mixing
then calcination) exchange mechanisms. Butane transformation (cracking and
disproportionation) allowed a comparison of acid site densities between dry- and
wet-bound boehmite/ZSM-5 catalysts. The wet-bound material showed a greater
molar ratio of cracking/disproportionation products. Butane disproportionation
requires two adjacent active sites [3], therefore the wet-bound catalyst possessed

a lower acid site density than in the dry-bound equivalent.

Pore blockage and alkali metal poisoning are not the only documented effects of
binders on zeolite catalysts. Aluminium insertion into high-silica zeolites was
reported by Shihabi and co-workers. [4]. Methanol conversion for hydrocarbon
production was shown to increase when ZSM-5 was applied in the form of alumina
extrudates. Furthermore, the use of a propylene oligomerisation probe reaction
demonstrated the significance of the binding method upon the rate of propylene
conversion, with wet extrusion increasing conversion. Steaming treatments of
alumina-bound ZSM-5 were also found to increase the rate constant for n-hexane
cracking relative to that of a standard amorphous silica-alumina. As well as dry and
wet binding mixtures, boehmite may also be dispersed into a sol using appropriate

quantities of acid (peptising) [5]. This peptising step (which takes place prior to
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calcination and decreases the boehmite particle size) is believed to increase
binder-zeolite interaction and improve rheological properties with the aim of
ultimately enhancing both the catalytic activity and stability of the bound materials
[6,7].

In this chapter on alumina-bound ZSM-5 catalysts, the effects of binding method,

aluminium impregnation and thermal/hydrothermal treatment will be described.

6.1 Alumina binder materials

6.1.1 Structural analyses

Pural SCF 55 (boehmite) was used in the following binder studies. As shown in
the alumina phase diagram (Fig. 1.7), boehmite was expected to transform into y-
Al,O3 following calcination at 550 °C for 4 h [Fig. 6.1].

PXRD: Pural uncalcined and Pural 550 4h
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Figure 6.1: PXRD patterns of uncalcined and calcined Pural. Measurements were

obtained as described in section 2.6.6.
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Boehmite reflection assignments and y-Al,Os reflection assignments were adapted

from refs. [8,9] respectively, consistent with y-Al,O3 formation. ’Al MAS-NMR in

Fig. 6.2 shows the change in aluminium environments following calcination.
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Figure 6.2: ’Al MAS-NMR spectra of uncalcined and calcined Pural. All spectra

were obtained on a Varian VNMRS 400. Asterisks (*) = Spinning side bands.
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The 100 % octahedral aluminium of boehmite was converted by calcination to y-
Al;O3 with an aluminium distribution of ca. 30 % tetrahedral (ca. 65 ppm) : 70 %
octahedral (ca. 8 ppm). This ratio has been previously reported for y-Al,O3 under

similar conditions [10]. Notably, the observed 30 % : 70 % ratio is consistent with

the defective spinel structure [11].

A large weight loss was observed in Fig. 6.3 between approx. 150-500 °C and was

consistent with the dehydration of boehmite to yield alumina [12].

TGA: Pural uncalcined and calcined
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Figure 6.3: TGA measurement of uncalcined Pural. Measurements were obtained

as described in experimental section 2.6.8.
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6.1.2 Textural analyses

As previously noted for silica binders (section 5.2.3), binder materials are

commonly associated with providing additional porosity.

N,-physisorption isotherms: Pural uncalcined
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Figure 6.4: N,-physisorption isotherms of Pural. All measurements were obtained

as described in section 2.6.5.

Fig. 6.4 clearly shows type IV adsorption isotherms for both Pural uncalcined and

Pural 550 4 h.
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BET specific surface areas of 275 m?/g and 241 m?/g were obtained for Pural
uncalcined and Pural 550 4 h and both had total pore volumes of 0.39 cm®g.

Micropore surface areas were 19 m?/g and not quantifiable, respectively.

The porosity and surface area of Pural 550 4 h was mostly unaffected by pressing

prior to calcination (Fig. 6.5 and Fig. 6.6).

N,-physisorption isotherms: Pural unpressed 550 4h
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Figure 6.5: Nj-physisorption isotherms of Pural 550 4 h - pressing. Adsorption

isotherms were obtained as described in section 2.6.5.
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A BET specific surface area of 243 m?/g was obtained for Pural 550 4 h (pressed)

and a total pore volume of 0.41 cm®g. The micropore surface area was not

quantifiable.
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Figure 6.6: BJH pore size distributions of Pural samples. Measurements were of

obtained as described in section 2.6.5.
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Comparing unpressed and pressed Pural 550 4 h materials, a small increase in
pore volume was observed following pressing. This may be attributed to an
increase in adsorption in the 3-6 nm pore diameter range (Fig. 6.6).

6.1.3 Catalytic testing

Pural 550 4 h was shown to be catalytically active for methanol dehydration in

Chapter 3 and Pural 550 4 h Arrenhius plots will be shown below.

6.2 Binding methods

A brief examination into the effects of binding method on calcined Pural-bound
NH4(1500) were undertaken. Three different binding methods were examined; dry-
mull mixing, wet-mull mixing and peptised mixing and the structural, textural and

catalytic results of which will be discussed below.

6.2.1 Sample preparation

Dry-mull, wet-mull and peptised mixing methods were described in section 2.2. As
shown in Table 6.1 alumina-bound materials are denoted as PSD = Pural/Silicalite
Dry-mulled; PSW = Pural/Silicalite Wet-mulled and PepPSW = Peptised

Pural/Silicalite Wet-mulled.

Material Description

PSD Pural-bound Silicalite — Dry-mull mixed.
PSW Pural-bound Silicalite — Wet-mull mixed
PepPSW Pural-bound silicalite — Peptised mixture

Table 6.1: Alumina-bound zeolite nomenclature. Where silicalite refers to H(1500)
550 4 h. All samples were prepared such that 56:44 dry wt. % of zeolite and binder

are present in the activated catalysts.
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6.2.2 Structural analyses

All alumina-bound silicalite catalysts in Fig. 6.7 contain y-Al,O3 and MFI phases in
ca. 56:44 wt. % mixtures.

PXRD measurements did not show the presence of any additional phases (Fig.
6.7) and the zeolite was of orthorhombic symmetry. Additionally, the binding
method did not appear to seriously affect channel filling according to the PXRD
patterns [13] (Fig. 6.8).

PXRD: Pural/silicalite binding methods
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Figure 6.7: PXRD patterns of binding method studies. Measurements were

obtained as described in section 2.6.6.
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The effect of binding method on zeolite channel filling as observed by PXRD
analysis
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Figure 6.8: PXRD — Zeolite channel filling for binding method studies. ‘Ref. A’ =
2[(101), (011), (200), (020) and (111) reflection intensities] and ‘Ref. B’ = Z[(501),
(051), (151), (303) and (133) reflection intensities]. Error bars correspond to + the

furthest outlier of repeat measurements.

With respect to MAS-NMR spectra (Fig. 6.9), the ?’Al spectra of each Pural-bound

catalyst were very similar.
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Figure 6.9: ’Al MAS-NMR for binding method studies. All spectra were obtained
on a Varian VNRS 400.

All Pural-bound systems may perhaps possess slightly greater tetrahedral /
octahedral peak intensities than Pural 550 4 h but the breadth of signals makes

guantification problematic.

Close inspection of the ?°Si MAS-NMR spectra in Fig. 6.10 shows an increased
signal at ca. -107 ppm for all Pural-bound materials. This is indicative of an
increase in the proportion of Si(1Al) (relative to Si(OAl)) and consistent with
aluminium insertion into the zeolite framework. The signal at ca. -103 ppm = silanol

groups and ca. -112 ppm = Si(0Al) environments.
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Figure 6.10: °Si MAS-NMR spectra for binding method studies. H(1500) 550 4 h
29Sj MAS-NMR spectra were obtained on a Varian VNMRS 400. Pural-bound *Si
MAS-NMR spectra were obtained on a Varian Unity Inova 300.
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6.2.3 Textural analyses

As previously mentioned in section 5.2.3 the binder may contribute to pore
blockage.

Material Measured t-plot ypore  Total pore Ads. Iso.
BET SA (m%/g) SA (m%g) vol.(cm®g)  Type

H(1500) 5504 h 326 + 10 324 + 10 0.19+0.01 I
Pural 550 4 h 241 + 2 N. Q. 0.39 £+ 0.02 v
Theoretical 56/44 289 +6 181 +6 0.28+0.01 I/IvV
wt. % mix
PSD 550 4 h 260 127 0.27 111V
PSW 550 4 h 276 £ 8 132 +5 0.32+0.01 111V
PepPSW 550 4 h 265+9 119+6 0.26 + 0.00 111V

Table 6.2: Ny-phyisorption results for binding method studies. Ads. Iso. =
Adsorption Isotherm. Adsorption isotherms can be found in the appendix.
Theoretical values are the weighted mean of H(1500) 550 4 h and Pural 550 4 h
components. Errors correspond to the values obtained from the furthest outlier of

repeated measurements.

The BET specific surface areas and pore volumes are generally slightly lower than
expected for the bound catalysts. However, the micropore surface area was
approx. 30 % lower than expected — suggesting zeolite pore channel inaccessibility
to exist in these materials. A similar reduction in micropore surface area has been
reported with a 30 wt. % alumina-bound ZSM-5 catalyst [1]. Furthermore, all bound

materials possess similar surface areas.

BJH pore size distribution plots show mesopore sizes to be similar for PSD 550 4 h
and PSW 550 4 h but noticeably smaller for PepPSW 550 4 h.
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Figure 6.11: BJH pore size distributions of binding method studies. Measurements

were obtained as described in section 2.6.5.
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The decrease in micropore surface area and mesopore diameters of PepPSW 550
4 h suggest the peptising treatment to affect the interaction between binder and
zeolite components. This may be attributed to the peptising process whereby
boehmite is dispersed and the finer particles produced allow for increased
interparticle surface contact. SEM-imaging was undertaken to examine this

suggested increase in binder-zeolite particle interaction further.

SEM images (Fig. 6.12, Fig. 6.13 and Fig. 6.14) show the effect of binding method
on the distribution of binder and zeolite particles over the external surface of

catalyst bodies. A silicalite SEM image may be found in section 4.3.1.

Figure 6.12: SEM image of Pural 550 4 h. Image obtained according to the
method described in section 2.6.4.
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Figure 6.13: SEM image of wet-mull mixed H(1500)/Pural 550 4 h. Image obtained

according to the method described in section 2.6.4.

AcciV& SpateMagn
25 0 k¥=5 0 "‘8_‘00)(

.

Figure 6.14: SEM image of peptised H(1500)/Pural 550 4 h composite. Image

obtained according to the method described in section 2.6.4.
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The external surface of Pural 550 4 h was comprised of < 20 ym plate-like
particles. Silicalite particles were clearly observed in Fig. 6.13 as the ca. 5 ym rod-
like particles on the plate-like Pural particles. Dry-bound and wet-bound
Pural/silicalite mixtures were indistinguishable. However, in the peptised mixture
the silicalite crystals were embedded into the Pural matrix. This embedding, if it
were to occur throughout the catalyst body, would be consistent with increased
binder-zeolite interaction and the resulting decrease in mesopore size distribution.

6.2.4 Catalytic testing

The results in Fig. 6.15 showed all binding methods to result in similar methanol
conversion rates between 217-256 °C. All alumina-bound materials showed similar

methanol conversion rates to Pural 550 4 h.

Arrenhius plots: Effect of Pural/silicalite binding method on methanol

dehydration
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Figure 6.15: Arrenhius plots of Pural-bound H(1500) 550 4 h catalysts. Vertical

error bars represent the 1% standard deviation in the values obtained for each

point.
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Both the apparent activation energies and the y-intercepts of alumina-bound
materials were lower than those of Pural 550 4 h with both values of the Pural-
bound samples in Fig. 6.15 following the order — Pural 550 4 h > PSD 550 4 h >
PSW 550 4 h > PepPSW 550 4 h. With the increasing extent of binder-zeolite
mixing interaction, as was indicated by SEM imaging (section 6.2.3), it may be
expected that there would have been a corresponding increase in the extent of
binder effects such as aluminium insertion [4] and pore blockage [2]. However, the
similarities between all of the Pural-bound silicalites do not allow for definitive
assessment of the effect of the different binding methods on methanol dehydration

activity.

As a model study, aluminium impregnated silicalite was prepared and subjected to
thermal or hydrothermal treatment. The purpose of these studies was to observe
the evolution of the aluminium species in the catalyst and determine the effects of

extra-framework aluminium from the effects of the binder.
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6.3 Aluminium impregnation studies

6.3.1 Sample preparation

Samples were prepared as described in section 2.1.2. The aluminium impregnated

silicalite contained 4.59 + 0.07 wt. % extra-framework aluminium.

PXRD patterns in Fig. 6.16 show no additional phases following impregnation and

calcination.

PXRD: NH,AI(1500) and HAI(1500) 550 4h
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Figure 6.16: PXRD patterns of uncalcined and calcined aluminium-impregnated
NH4(1500). Measurements were obtained as described in section 2.6.6 except
these patterns were obtained over 5 °- 55 ° with a step size of 0.030 °26 and an

acquisition time of 2 seconds per step.

The zeolite component was of orthorhombic symmetry and the PXRD patterns

show crystallinity and pore filling to decrease following calcination.
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Figure 6.17: 2°Si MAS-NMR and ?’Al MAS-NMR spectra of aluminium impregnated
NH.(1500). #°Si spectra were obtained on a Varian Unity Inova 300 and the 2’Al
spectra were obtained on a Varian VNMRS 400. Asterisks (*) = Spinning side
bands.

Following the impregnation process, a strong octahedral aluminium signal was

detected. The octahedral coordination confirms impregnated aluminium is extra-
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framework. CHN analyses of NH;AI(1500) provided values of: Carbon = Not
Quantifiable, Hydrogen = 1.64 £ 0.02 wt. % and Nitrogen = 3.11 + 0.05 wt. %. The
nitrogen content of NH4(1500) was not quantifiable, therefore the nitrogen wt. %
value for NH4AI(1500) was attributed to the nitrate content. Nitrate content is
therefore = 13.77 + 0.22 wt. % and attributed to the weight loss centred at ca. 100
°C in the TPO profile of NH4AI(1500) in Fig. 6.18. Additionally, the impregnated
aluminium content was determined from the stoichiometric ratio of aluminium to
nitrogen in AI(NO3)3 .9H,0O which was (13.77 £ 0.22 wt. %) / 3 = 4.59 + 0.07 wt. %

aluminium. This is in close agreement with the 4 wt. % nominal loading value.

TGA: Uncalcined and calcined aluminium-impregnated silicalite
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Figure 6.18: TGA measurements of aluminium impregnated ZSM-5 (1500) —

nitrate decomposition. Measurements were obtained as described in section 2.6.8.

TGA analyses of NH4AI(1500) is shown in Fig. 6.18. Weight loss upto ca. 80 °C
was attributed to initial water loss then followed by both nitrate decomposition and
water loss at ca. 100 °C. This is consistent with aluminium nitrate nonahydrate
decomposition [13]. Silanol dehydration occurred at ca. 625 °C. Whereas for
HAI(1500) 550 4 h, water loss occurred < 100 °C, no nitrate decomposition was

observed and silanol dehydration occurred at ca. 625 °C.
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6.3.2 Thermally or hydrothermally treated catalysts

One effect of alumina binders is to synergetically increase the catalytic activity of
zeolite catalysts [4]. This is believed to be the result of mobile extra-framework
aluminium species, originating from the binder component being incorporated into
the tetrahedral zeolite framework [1]. Increased framework aluminium content

results in an increase in the number of zeolitic active sites of the catalyst.

6.3.2.1 Structural analyses

PXRD analyses of aluminium-impregnated silicalite (Fig. 6.19) showed no

additional crystalline phases.

PXRD: Aluminium-impregnated silicalite
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Figure 6.19: PXRD patterns of aluminium impregnated ZSM-5 (1500) materials
following thermal or hydrothermal treatment. Measurements were obtained as

described in section 2.6.6.

All materials retained orthorhombic symmetry. The aluminium-impregnated
samples are less crystalline than the parent silicalite and crystallinity decreases
further following extreme calcination, steaming and extreme steaming treatments.
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Comparison of peak ratios (Fig. 6.20) suggests channels to empty with increasing

treatment severity [14].

The effect of treatment severity on zeolite channel filling as observed by
PXRD analysis
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Figure 6.20: PXRD analyses of zeolite channel filling in aluminium impregnated
ZSM-5 (1500) — treatment severity: ‘Ref. A’ = Z[(101), (011), (200), (020) and (111)
reflection intensities] and ‘Ref. B’ = Z[(501), (051), (151), (303) and (133) reflection

intensities]. Error bars correspond to + the furthest outlier of repeat measurements.

The decrease in pore filling may be attributed to migration of extra-framework

species to the external surface of the zeolite crystals.

All ?°Si MAS-NMR spectra in Figs. 6.21a-b show silicon to exist predominantly as
Si(OAl). Silanol species are clearly observed in 550 4 h and steamed spectra at ca.

-103 ppm.

Closer inspection of H(1500) 550 4 h, NH4AI(1500), HAI(1500) 550 4 h and
HAI(1500) steamed 2°Si MAS-NMR spectra (Fig. 6.21a) shows a slightly greater

baseline at ca. -107 ppm. This indicates the association of aluminium with the
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zeolite framework and a small degree of aluminium framework incorporation in

HAI(1500) 550 4 h and HAI(1500) steamed.
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Figure 6.21a: *°Si MAS-NMR spectra of aluminium impregnated ZSM-5 (1500) —
calcined and steamed. H(1500) 550 4 h spectra were obtained on a Varian

VNMRS 400. All aluminium impregnated 2°Si MAS-NMR spectra were obtained on

a Varian Unity Inova 300.
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Figure 6.21b: 2°Si MAS-NMR spectra of aluminium impregnated ZSM-5 (1500) —
extremely steamed and extremely calcined. H(1500) 550 4 h spectra were
obtained on a Varian VNMRS 400. All aluminium impregnated 2°Si MAS-NMR

spectra were obtained on a Varian Unity Inova 300.

Referring to Fig. 6.21b, the broad *°Si spectra of HAI(1500) 750 72 h indicates an
increase in the heterogeneity of the silicon environments. This also obscures the
region associated with Si(1Al). This increase in disorder may be attributed to
silanol dehydration (Fig. 6.24). HAI(1500) extremely calcined is however
dehydroxylated and dealuminated. However, short range order is drastically
increased in the presence of steam at 750 °C. This may be attributed to annealing
of the framework, where steam further facilitates the annealing process [15].
Although the exact mechanism through which annealing occurs is still debated
[16].
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Figure 6.22: 2°Si MAS-NMR spectra of HAI1500) extremely steamed.
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Spectra were obtained on a Varian VNMRS 400 and deconvolution was kindly
performed by Dr. D. Apperley of the EPSRC Solid State NMR service at the
University of Durham. The 12 peaks deconvoluted from the #Si spectra may be
assigned to crystallographically inequivalent Si(0Al) sites within the orthorhombic
unit cell structure [17]. However, Klinowski [18] suggests silicalite to possess 24
inequivalent tetrahedral sites (and therefore exist in monoclinic form) on the basis
of peak intensity ratios. From the deconvolution, taking 4.0 % signal intensity as a
base unit, the 12 peaks observed possess peak intensity ratios of 1.0 : 0.9 : 1.1 :
09:13:1.2:7.0:3.8:1.2:35:2.2:1.0. The total peak intensity based upon
this normalisation is ca. 24, suggesting 24 inequivalent tetrahedral sites within the
unit cell. This not in agreement with PXRD results for HAI(1500) extremely
steamed, which appears orthorhombic and would be expected to only possess 12

inequivalent Si(0Al) sites.

Examination of %Al MAS-NMR spectra following each of the thermal or
hydrothermal treatments shows the impregnated octahedral aluminium undergoes

transformation (Fig. 6.23a-b).
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Figure 6.23a: 2’Al MAS-NMR spectra of aluminium impregnated ZSM-5 (1500) -

550 °C treatments. All spectra were obtained on a Varian VNMRS.
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Figure 6.23b: ?’Al MAS-NMR spectra of aluminium impregnated ZSM-5 (1500) -

750 °C treatments. All spectra were obtained on a Varian VNMRS.

In Fig. 6.23a, it can be seen that aluminium in both HAI(1500) 550 4 h and
HAI(1500) steamed was converted into a mixture of tetrahedral, 5-coordinate and
octahedral species. The presence of a high proportion of 5-coordinate material
makes interpretation difficult. The breadth of the octahedral signal, combined with
the appearance of a tetrahedral shoulder at ca. 65 ppm suggested the presence of
y-Al,O3-like species. The sharper tetrahedral signal at ca. 55 ppm is attributed to

framework inserted aluminium.

If it is then assumed that y-Al,O3; species are produced following thermal or
hydrothermal treatment then a disproportionately high amount of tetrahedral and 5-
coordinate aluminium exists in both HAI(1500) 550 4 h and HAI(1500) steamed
samples. This greater proportion of tetrahedral aluminium in these two materials

indicates aluminium insertion into the zeolite framework.

Following extreme calcination or extreme steaming (Fig. 6.23b), the impregnated

aluminium is converted to a mixture approaching ca. 30 % tetrahedral : 70 %
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octahedral. Between these spectral results and the decrease in channel filling
suggested by PXRD analyses, it is proposed that the impregnated aluminium may
cluster into y-Al,Os-like crystallites on the external surface of the zeolite crystals.
Further structural information may be obtained from thermal analyses of the
aluminium-impregnated materials. TGA analyses (Fig. 6.24) show silanol
dehydration at ca. 640 °C in only HAI(1500) 550 4 h and HAI(1500) steamed. The
conditions of preparative treatments of HAI(1500) 750 72 h and HAI(1500)
extremely steamed being sufficient to dehydrate silanol groups prior to TGA

analyses.

TGA: Thermally or hydrothermally treated aluminium-impregnated silicalite
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Figure 6.24: TGA measurements of thermally or hydrothermally treated aluminium
impregnated ZSM-5 (1500). Measurements were obtained as described in section

2.6.8. The increase in wt. % at ca. 120 °C for HAI(1500) extremely steamed is an

artefact.

HAI(1500) 750 72 h contained more adsorbed H,O than HAI(1500) extremely
steamed. The low water adsorption content of HAI(1500) extremely steamed is
attributed to the increased hydrophobicity of the dealuminated, dehydroxylated and

annealed MFI framework.
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6.3.2.2 Textural analyses

N2-physisorption isotherms of Al-impregnated silicalite are shown below (Fig.
6.25a-b). All materials show type-lI adsorption isotherm characteristics consistent

with microporous materials.

The low pressure step at ca. 0.2 P/P, in the Nz-adsorption isotherm of observed for
HAI(1500) extremely steamed (Fig. 6.25b) was attributed to a N,-adsorbate phase
change [19]. This phase change is from a less-dense disordered phase to a more-
dense ordered phase with increasing pressure. It is believed that although a
monoclinic to orthorhombic phase transition in the MFI material may contribute to
the increased adsorption, it would not provide the additional pore volume required
for the increased Nj-adsorption at this pressure [20]. This low pressure step was
also observed in ZSM-5 (280) and H(23) extremely steamed samples (see
appendix). No-physisorption results in Table 6.3 below show all materials to retain
high surface areas. Surface areas and pore volumes decrease following aluminium
impregnation and increasing treatment severity with the exception of HAI(1500)

extremely steamed.

Material Measured Total pore Ads. Iso. Type
BET SA (m?%g) vol. (cm®qg)

H(1500) 550 4 h 326 + 10 0.19 + 0.01 |
HAI(1500) 550 4 h 300 + 12 0.17 £ 0.01 |
HAI(1500) S 295 0.17 |
HAI(1500) 750 72 h 272 + 24 0.16 + 0.01 |
HAI(1500) XS 353 0.21 |

Table 6.3: Nj-physisorption results for aluminium impregnated ZSM-5 (1500).

Results were obtained as described in the experimental section 2.6.5. Ads. Iso.

Adsorption Isotherm. Adsorption isotherms are shown in Figs 6.25a-b. S
Steamed and XS = Extremely steamed. Errors correspond to the furthest outliers of

repeat measurements.
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N,-physisorption isotherms: HAI(1500) 550 4h
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Figure 6.25a: Nj-physisorption isotherms of aluminium impregnated ZSM-5 (1500)
- 550 °C treatments. All adsorption isotherms were obtained as described in

section 2.6.5.
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N,-physisorption isotherms: HAI(1500) 750 72h
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Figure 6.25b: N»-physisorption isotherms of aluminium impregnated ZSM-5 (1500)
- 750 °C treatments. All adsorption isotherms were obtained as described in

section 2.6.5.

As previously mentioned, extra-framework aluminium species may contribute to
channel blockage [21,22]. The observed decrease in surface areas following
aluminium impregnation may be attributed to partial channel blockage though not
channel filling (Fig. 6.20) analogous to ‘plugging’ described in section 5.2.3.
Additionally, the lower Nj-physisorption results for HAI(1500) 750 72 h may be
attributed to partial pore blockage by the disordered framework. The higher N»-
physisorption results of HAI(1500) extremely steamed are attributed to the
increased short-range ordering of the silicalite framework, increased micropore

accessibility.
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6.3.2.3 Catalytic testing

Arrenhius plots: Aluminium impregnated silicalite
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Figure 6.26: Arrenhius plots of aluminium impregnated H(1500). Vertical error bars

represent the 1% standard deviation in the values obtained for each point.

Comparison of H(1500) 550 4 h, HAI(1500) 550 4 h and HAI(1500) steamed
samples over a methanol dehydration reaction temperature range of 210 -258 °C in
Fig. 6.26 shows very similar MeOH conversion rates. In both of these aluminium
impregnated samples, both the apparent activation energy and y-intercepts have
decreased but these values are still close and not outwith the error of one another.
MAS-NMR (Figs. 6.21a and 6.23a) spectra support both a slight increase in Si(1Al)
content and an increase in the proportion of tetrahedral to octahedral aluminium
following calcination and steaming as well. It is possible that new active sites are
very strong and provide the observed catalytic activity but it is more likely that a
combination of new active sites and mass transfer limitations are the cause of the

observed Arrenhius plots but both effects are very minor on methanol dehydration.

Comparison of H(1500) 550 4 h, HAI(1500) 750 72 h and HAI(1500) extremely
steamed over 210 — 258 °C shows an increase in apparent activation energy and y-
intercept. In combination with MAS-NMR spectra (Figs. 6.21b and 6.23b), the
Arrenhius plots would suggest a combination of zeolite framework dealumination
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and the formation of proposed y-Al,Os-like clusters to be the cause of these

observations.

Comparison of HAI(1500) extremely steamed to Pural 550 4 h (Fig. 6.15) shows
both materials to give similar apparent activation energies and Pural 550 4 h to
possess a higher y-intercept than HAI(1500) extremely steamed. If the proposed y-
Al;Os-like clusters were as active as Pural 550 4 h, then it may be envisaged that
little/no contribution towards methanol conversion comes from the dealuminated
silicalite component and a dominant contribution comes from the extra-framework
aluminium of the HAI(1500) extremely steamed material. The lower y-intercept
value of HAI(1500) extremely steamed would then be reflecting its lower aluminium
content and number of active sites than Pural 550 4 h.

6.4 Conclusions

Pural SCF 55 (boehmite) was dehydrated to mesoporous Pural 550 4 h (y-Al,O3)
following calcination. Surface area and pore volume were insensitive to pre-

calcination pelleting.

No significant structural differences were observed with different Pural-binding
methods. ?°Si MAS-NMR showed approximately the same slight increase in Si(1Al)
content following boehmite-binding and calcination (550 °C for 4 h) irrespective of
method. Texturally, micropore surface areas were lower than that predicted by the
sum of constituent parts and zeolite channel filling, according to PXRD analyses,
was insensitive to binding method. Mesopore size distributions were lower for
peptised Pural-bound zeolites and this was consistent with the increased
interaction of binder-zeolite particle contact associated with the treatment. This was
also consistent with SEM-imaging. Catalytic testing showed methanol conversion
rates of the Pural-bound silicalites to be very similar to Pural 550 4 h between 217-

256 °C.

Aluminium-impregnated silicalite samples showed impregnated octahedral
aluminium to gradually transform, with increasing thermal or hydrothermal

treatment severity, into a tetrahedral / octahedral mixture similar to that of y-Al,Os.
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The symmetry of all silicalite containing samples was orthorhombic from PXRD
analyses. However, conflicting results exist for HAI(1500) extremely steamed which
appeared orthorhombic by PXRD analysis but monoclinic by interpretation of
deconvoluted ?°Si MAS-NMR spectra. A degree of aluminium insertion occurred in
calcined and steamed samples according to *°Si MAS-NMR. Arrenhius plots of the
calcined and steamed aluminium impregnated silicalite samples showed no
significant change in methanol dehydration behaviour from that of H(1500) 550 4 h.
The Arrenhius plots of extremely calcined and extremely steamed HAI(1500)
samples showed increased apparent activation energy and an increase in the
number of active sites. This was consistent with both zeolite dealumination and the
formation of y-Al,O3-like species.
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7 Summary

After establishing the reaction conditions for methanol dehydration to dimethyl
ether over H*-form zeolites, Na*-form zeolites and y-Al,O3 zeolites were compared
to isostructural boron, iron and gallium silicates for methanol dehydration. The
MeOH conversion rates (at fixed temperatures between 168 °C and 258 °C) were
shown to decrease in the order Al > Ga > Fe >> B for materials of similar
heteroatom content. After showing zeolites to provide the highest methanol
conversion rates they were subsequently studied in conjunction with binders and
model catalysts to determine whether any binder effects on the catalytic behaviour
occurred. Colloidal silica-bound H-ZSM-5 (23) showed Ilowered methanol
dehydration rates because of migration of sodium from the binder to the zeolite
component and also due to zeolite channel filling. Sodium-exchange studies
showed sodium to retard extra-framework aluminium formation and damage the
zeolite framework; this effect was believed to have been more dominant than extra-
framework aluminium trapping by the silica matrix. Degradation of the zeolite
framework was particularly apparent under extreme steaming conditions. Porosity
characteristics were also altered with the binder component providing additional
mesoporosity whilst filling the zeolite channels. Following calcination of boehmite-
bound zeolites, additional mesoporosity was provided by the alumina matrix. The
effect of binding method on methanol dehydration in H-ZSM-5 (1500)/y-Al,O3
composites was very minor but all displayed a low degree of aluminium insertion
into the zeolite framework. This resulted in enhanced methanol dehydration rates.
Impregnated aluminium was believed to have been inserted into the zeolite
framework to a low extent following calcination and steaming but extreme
calcination and extreme steaming resulted in dealumination. The extra-framework

species adopted a tetrahedral/octahedral ratio similar to that of y-Al,Os3.

Ultimately, binders were observed to affect methanol dehydration over zeolite
catalysts. In conjunction with sodium-exchange and aluminium impregnation
studies the effects of sodium and extra-framework aluminium generation have

been distinguished from those of the binder in general.
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8 Future work

There are a number of potential avenues for future exploration in the work

described within this thesis, as outlined in the following bullet points:

Alternative metal exchange studies. In this study only the effects of sodium-
exchange were examined showing largely detrimental effects on the catalyst
structure and catalytic activity. However, sodium also beneficially retarded
the zeolite from dealumination. Extra-framework aluminium was observed in
calcined ZSM-5 (23) and dealumination can be a major mode of
deactivation for zeolite catalysts which can lead to the necessary
replacement of costly catalysts. As such, it would be interesting to examine
the effects of low level exchange of alternative metals (such as caesium,
magnesium and rare earths) for their effects on dealumination as well as
their structural and catalytic properties. The aim of which being to improve
catalyst resistance to dealumination whilst minimising losses in catalytic

activity.

The use of alternative probe reactions. These would allow for further
research into binder effects which were not explored in this work such as
coke precursor trapping. This effect may lengthen catalyst lifetimes in

processes where coking occurs and deactivation occurs by coking.

It would be interesting to undertake studies with a wider range of binder
materials. Clays such as kaolinite or montmorillonite would be of interest
because they are materials more likely to be used on a large scale (such as
FCC) rather than more costly high purity boehmites such as Pural SCF 55.
As such, the extent of each of the binder effects would likely be more
comparable to those observed in an industrial process employing these

binders.
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9 Appendix
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Figure 9.2: Deconvolution of #*Sj spectra of H(50) 550 4 h.
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Figure 9.3: Deconvolution of *°Si spectra of H(280) 550 4 h
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Figure 9.4: H(50) 550 4 h TP and H(280) 550 4 h TP adsorption isotherms.
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Figure 9.5: Na(23) 550 4 h TP and Pural 550 4 h TP adsorption isotherms.
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N,-physisorption isotherms: ZSM-5 (23)
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ZSM-5 (23) adsorption isotherms.
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Figure 9.7: ZSM-5 (50) adsorption isotherms.
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Figure 9.8: ZSM-5 (80) adsorption isotherms.
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Figure 9.9: ZSM-5 (280) adsorption isotherms.
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Figure 9.10: ZSM-5 (1500) adsorption isotherms.
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N,-physisorption isotherms: B-MFI
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Figure 9.11: B-MFI adsorption isotherms.
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Figure 9.12: Fe-MFI adsorption isotherms
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N,-physisorption isotherms: Ga-MFI
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Figure 9.13: Ga-MFI adsorption isotherms
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N,-Physisorption isotherms: Binder dilution studies
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Figure 9.14: Binder dilution adsorption isotherms
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Figure 9.15: Ludox AS(23) and HS(23) 550 °C treated adsorption isotherms
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N,-physisorption isotherms: Partially Na*-exchanged ZSM-5 (23) 550 4h
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N,-Physisarption isotherms: H(23) following different calcination and steam

treatments

140
120
a 100
&
Fe)
©
:g_o 80
£
A
4 60
3 ———H(23)5504h ads === H(23)5504hdes
3’ = H(23) steamed ads === H(23) steamed des
> 40 ——H(23) 750 72h ads -== H(23) 750 72h des
——H(23) extremely steamed ads === H(23) extremely steamed des
B BET multipoint sample B BET multipoint sample
20 B BET multipoint sample ®  BET multipoint sample
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
P/Po

Figure 9.17: Thermally and hydrothermally treated H(23) 550 4 h adsorption

isotherms.

N,-Physisorption isotherms: Na(23) thermal and hydrothermal treatments
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Figure 9.18: Thermally and hydrothermally treated Na(23) 550 4 h adsorption
isotherms.
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N,-physisorption isotherms: Pural binding methods
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Figure 9.19: Pural binding methods adsorption isotherms
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