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SYNOPSIS

Although there have been a number of studies of the effect of hydrothermal and acid
dealumination on the properties of Mordenite, there is a lack of clarity on many issues related
to the changes which these treatments cause to the structure, acidity and catalytic activity of
Mordenite. Both methods remove aluminium from the framework thus creating extra-
framework aluminium species. Although there are some reports that these species, particularly
when created by mild steaming, increase the acidity and catalytic activity of the dealuminated
sample, it has also been reported that these species have either a negative or no effect on the
catalyst’s acidity and activity [Mirodatos and Barthomeuf, 1981; Chen et al., 1992; Meyers
et al., 1988; Bamwenda et al., 1994; Brunner et al., 1994]. These conflicting reports are
understandable when one considers that the dealumination conditions in the various studies
are usually not equivalent to each other and consequently the resultant catalysts may differ.
The use of Mordenite from different sources to compare acidity in one case and structure in
another may also lead to different and conflicting results. This has affected the interpretation

~ of observed trends in the structure, acidity and catalytic behaviour of dealuminated Mordenite.

A systematic study of the effect of acid washing of sodium Mordenite and hydrogen
' exéhanged Mordenite, both before and after steaming, has been carried out. The bulk removal
of aluminium was monitored by elemental analysis of samples. The study investigated the
effect of different conditions of acid washing, steaming and steaming followed by acid
washing on the solid state properties of Mordenite by use of solid state ?’Al and *Si nuclear
magnetic resonance, x-ray diffraction and infrared techniques. The effect of these changes on
the number, type and strength of acid sites in Mordenite was then investigated by ammonia
temperature programmed desorption, Fourier-Transform infrared analysis of pyridine
adsorption and proton nuclear magnetic resonance studies. The changes caused by
dealumination to the catalytic activity and shape selective properties of Mordenite as
determined by studies of isobutane cracking, cyclohexanol dehydration and isopropylation of
naphthalene, were then explained in terms of the acidic and structural properties of the

dealuminated Mordenite samples.

Steaming of Mordenite led to the production of large amounts of tetrahedral extra-framework
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aluminium. The presence of these species reduced Bronsted acidity, probably by charge
balancing these framework Bronsted sites. Bronsted acidity was directly dependent on the
amount of framework aluminium atoms which were not charge balanced by cations such as
sodium ions or tetrahedral extra-framework aluminium species. The amount of weak Lewis
acidity in the sample increased and was equivalent to the total number of octahedral and
tetrahedral extra-framework species. Although tetrahedral extra-framework aluminium species
appeared to be active sites for isobutane cracking, their presence reduced the selectivity to
products formed over strong acid sites during isobutane cracking and indicated that they are
weak sites. Steamed samples therefore showed increased catalyst lifetimes during the
isobutane cracking reaction. There was no indication of the migration of these species to the
external surface of the catalyst by the cyclohexanol dehydration reaction and the external
surface of the sample was less active than in the case of unsteamed H-Mordenite. Their close
association with framework aluminium as evidenced by their effect on Bronsted acidity would
suggest that these tetrahedral extra-framework aluminium species are present within the

catalyst.

Calcination of the catalyst, particularly in a "deep bed" configuration, resulted in the annealing
of the structure, which increased the relative crystallinity of the sample despite the creation
of octahedral extra-framework aluminium. "Deep bed" calcination also produced a highly
active catalyst as determined by isobutane cracking and the presence of a large amount of
strong acidity was observed. The total number of acid sites was slightly more than the total
aluminium content and this observation together with a lack of hydroxyl groups suggested that
these Lewis sites have the form AlO* or AI*". The presence of these sites increased the
catalytic activity for isobutane cracking by exhibiting strong Lewis acidity which enhanced
the initiation of the cracking reaction. Increased activity of the deep bed calcined sample for
cyclohexanol dehydration indicates that these species may be present on the external surface
of the catalyst. This effect appeared to be similar to observations made for cracking reactions
over mildly steamed ZSM-5 and Zeolite-Y. The strong acidity, however, led to increased
coking during the isobutane cracking reaction and a shorter catalyst lifetime for this reaction.
The extra-framework aluminium species produced by the deep bed calcination could be

hydrated with a wash in deionised water and the strong acidity reduced.
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Acid washing of Na-Mordenite with acids of concentrations above 0.01N resulted in proton
exchange for sodium cations which caused a reduction in weak Lewis acidity and an increase
in Bronsted acidity. Over ninety percent proton exchange was achieved by a 0.1N acid wash,
the residual sodium ions probably being located in side pockets. The presence of hydrated
octahedral extra-framework aluminium species was observed in all acid washed samples, a
maximum occurring after a 0.00IN acid wash of H-Mordenite. These octahedral species,
which may occur within the side pockets of the catalyst, appeared to contribute to weak Lewis
acidity, but were not seen to be catalytically active for any reaction and in fact had a negative
effect on the initial isobutane cracking activity of the dealuminated catalysts probably due as
a result of sterically blocking the active sites from the reactant molecules. Acid washing of
the Sodium-Mordenite showed selective sodium removal and dealumination from the external
surface as evidenced by the cyclohexanol dehydration probe reaction results. Although
selective removal of aluminium from the surface of steamed H-Mordenite was also observed,

this was not seen in the case of unsteamed H-Mordenite.

Although isobutane cracking activity was mainly dependent on the amount of framework
aluminium sites present in the catalyst, both the activity and lifetime of the catalyst were
observed to be a function of the strength of acid sites in the catalyst. No evidence was found
to support the hypothesis that the activity of the catalyst was enhanced by a synergistic effect

between extra-framework Lewis and framework Bronsted acid sites.

Shape selectivity, measured by selectivity to 2,6-diisopropyl naphthalene during the
isopropylation of naphthalene, was enhanced by the removal of external sites. Samples
steamed and then acid washed were found to have the highest selectivities to 2,6-diisopropyl

naphthalene and the lowest external activities as determined by cyclohexanol dehydration.
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Mg assymetry parameter

A infrared absorbance in "cm™"

A, integrated absorbance over band x

Al-p pentacoordinated aluminium

Al; framework aluminium

c concentration of adsorbate expressed as moles.dm™
C concentration of adsorbate expressed as mmol/g,,,
C, concentration of adsorbate identified by band x
D thickness of wafer in infrared spectroscopy
DIPN diisopropyl naphthalene

DME dimethyl ether

DRIFTS diffuse reflectance infrared spectroscopy

DSS 3-(trimethylsilyl) tetradeuterosodium propionate

€ molar extinction coefficient

€ integrated molar extinction coefficient for band x
EDTA ethylenediamine tetra-acetic acid

EFAl extraframework aluminium

EFAl-o octahedral extraframework aluminium

EFAl-t tetrahedral extraframework aluminium

EFAl-x unknown extraframework aluminium species
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1.1 ZEOLITES

Mordenite is a crystalline aluminosilicate belonging to the zeolite family of minerals.
Zeolites were first recognized by Cronstedt in 1752, who derived the name from the Greek
words "zeo" and "lithos" meaning "to boil" and "stone" due to the observed intumescence
of the mineral when it was heated [Flanigen, 1991]. The uniform pore dimensions, ion-
exchange properties, ability to possess acidity and high thermal stability make zeolites
suitable for a wide range of industrial processes. - They are therefore widely used in the
industrialised countries of Western Europe, North America and Japan, which had a combined
estimated usage of approximately 550 thousand metric tons in 1984 [Moscou 1991]. The
application of zeolites can be divided into four main areas according to their main

applications :

Natural zeolites (11%)

Detergents (67%)

Figure 1.1. Estimated relative consumption of zeolite in 1988 for various applications in
North America, Western Europe and Japan. (From Moscou, 1991)

Adsorbents and separation agents:
Including applications as drying agents, in gas purification and
in separation processes which utilize their shape selective

© properties.

Catalysts: Mainly in petroleum refining, synfuels production and
petrochemicals production.

Detergents: As a substitute for phosphates (limited nearly exclusively to
Zeolite A).

Miscellaneous: For waste water treatment, nuclear effluent treatment, animal

feed supplements and soil improvement.
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1.1.1 Structure of zeolites

The family of zeolites possess frameworks of various topologies, pore structures ranging
from one dimensional (non-interconnecting parallel pores, e.g. Mordenite) to two
dimensional (Ferrierite) and three dimensional pore systems (Faujasite, ZSM-5). Chemically,
the zeolite framework consists of tetrahedrally coordinated aluminium and silicon atoms (and
sometimes heteroatoms such as Ga, Be, Ti, B, Fe, V and P) linked by oxygen atoms. Thesc%
silicon and aluminium atoms are also referred to as T atoms and zeolites are frequentlyél

characterized according to the number of T atoms in the rings that form the pore structure.

Table 1.1. Channel systems and pore sizes for selected zeolites taken from Breck [1974]

Zeolite Channel Pore size Free aperture Largest Molecule
Name System T atoms/ring A) Adsorbed at 298 K
Large Pore
Faujasite (X, Y) 3D 12 7.4 (CE)N '
Gmelinite 3D 12 7.0 C,H,
L D 12 7.1 (C.Hy),
Mordenite 1D 12 6.7x 7.0 CH,
Medium pore w'
Dachiardite 2D 10 3.7x6.7 - t
Epislitbite 2D 10 32x6.7 H,0 {
Ferrierite 2D 10 43x55 CH,
Heulandite 2D 10 ' 44x72 NH,
Stilbite 2D 10 41x6.2 H,0
ZSM-5 3D 10 52x58 -
Small pore
A 3D 8 42 CH,
Bikitaite 1D 8 32x49 -
Brewsterite 2D 8 23 x50 H,0 ‘
Chabazite 3D 8 37x42 n-paraffins i
Edingtonite 2D 8 35x39 H,0 |
Gismondine 3D 8 31 x44 H,0 |
Levynite 2D 8 32x5.1 N,, O, E
Very small pore
Analcime D 6 26 NH,
Sodalite 3D 6 26 H,0

These may range from large (12-atoms : 7-8 A pore diameter) to very small (6-atoms : 2-3
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A pore diameter) as shown in Table 1.1. Channel dimensions are important in that they
determine which molecules may enter the zeolite. This property classifies zeolites as
molecular sieves. This sieving property is a function of both temperature and the cation
content of the zeolite. Higher temperatures increase the flexibility of the zeolite structure
and guest molecule while cations of different size and locations offer different steric

restraints.

1.1.2 Acidity of zeolites
The acid sites in zeolites can be divided into two categories, namely Lewis and Bronsted
sites. These two categories are discussed separately as there are fundamental differences

between them with regard to their location and structure.

1.1.2.1 Bronsted acidity

The incorporation of trivalent aluminium into the zeolite framework as a substitute for
tetravalent silicon results in the formation of a net negative charge in the framework, which
gives the zeolite its cation exchange properties. Usually, acidic forms of zeolites are made:

by exchanging cations with protons, either directly or by means of an ammonium ions which

Figure 1.2 Model of Brinsted acid site [Nieuwenhuys et al., 1993; Moulijn et al., 1993]]
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|
decompose at higher temperatures. This results in the formation of a hydroxyl group which

acts as a Bronsted acid site (Fig. 1.2) [Niewenhuys et al., 1993; Moulijn et al., 1993; van
Santen, 1994; Sauer, 1989] ‘

|
Although it has been intuitively believed that these adsorbed protons are of an ionic nature,
this has been disputed recently by strong evidence, primarily obtained by use of DMFTS,

in favour of the covalent nature of the bond [Kazansky, 1994].

I
I
|

While it has been widely accepted that the number of Brénsted sites is determined by thé[e
number of aluminium atoms in the framework [Stach ef al., 1992,], an important facto}r
which controls the Bronsted acidity of these catalysts is the lattice composition. As thi?e
silicon to aluminium ratio changes, the deprotonation energy, and thus the strength o;f

Bronsted acid sites, is seen to vary.

Kazansky [1991] has found that the covalent hydroxyl interaction energy varies little with
acidity and concluded that the factor contributing most to strong acidity is the stabilizatioP
of the negative charge left on the lattice after deprotonation. The existence of other negativ:e
centres, i.e. aluminium atoms in the lattice, in close proximity would hinder this stabilisation%.
In either scenario, aluminium atoms in the second coordination sphere (i.e. the twelvje
framework T-atoms which are linked to the acid site by an -O-Si-O- group) lead to a

decrease in acid strength.

From cluster calculations, van Santen [1994] has shown that the addition of a second protofn
in a four ring cluster decreases the strength of the hydroxyl bond. This can be understoofd
by considering the tetrahedra in the second coordination shell of the zeolite with respect tio
the acidic proton (e.g. atom labelled (4) in Fig. 1.2). Because of the lower charge on Al3::+
its interaction with oxygen atoms such as O(1) is less than that of a Si*" ion. The attache;i

silicon atom (2) therefore becomes more strongly bound to this oxygen atom (1) and its bond

strength with oxygen atom (3) decreases. This increases the strength of the hydroxyl bon§i
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and hence the deprotonation energy and therefore decreases acidity [Nieuwenhuys et al.,

1993].

Since no aluminium in the zeolite lattice can be bonded via an oxygen atom to another
aluminium atom (Lowenstein’s Rule), between three and zero aluminium atoms may exist
in the second coordination sphere. The strongest acid site is that associated with no
aluminium atoms in its second coordination sphere (Next-Nearest-Neighbour Theory)
[Nieuwenhuys et al., 1993]. This condition is met for Mordenite with a Si/Al ratio of 9.4
(Figure 1.3) [Stach and Janchen, 1992] and for Zeolite-Y with a Si/Al ratio of 5.6 [Stach et
al., 1992,].

H-Mardenite 0

Na [mmol]

" Figure 1.3 Distribution of acid strengths in dependence on the aluminium content
of the framework in dealuminated H-Mordenites [Stach ef al., 1992]

Other factors may also influence the strength of Bronsted acidity. Zholobenko ef al. [1993]
investigated the Bronsted acid sites in H-Mordenite using FTIR spectroscopy of adsorbed
molecules and discovered an inhomogeneity in Bronsted sites which was not explained by
the next nearest neighbour theory. After investigating the adsorption and desorption of

ammonia on Bronsted sites in H-Mordenite, they proposed the existence of two types of
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adsorption sites. One of these types is proposed to ‘be a hydroxyl group in the main channel-l.
This type has a low effective acidity and readily allows desorption of ammonia, benzene and
cyclohexane. The other type of site consists of hydroxyls in the smaller side-channels which
have a higher effective acidity and do not allow desorption to occur as easily. The ratio o;f
these two sites was established to be 2:1. This ratio is fairly close to that found between thée
aluminium located in the site pockets and that found in the main channels by Mortier et aZ.
as long ago as 1975. They determined ratio to be =~ 46:29 by x-ray diffraction. Similajr
differences in acidic strengths of Bronsted sites in crystalographically inequivalent sites werfe

found in Zeolite-Y by van Santen [1994].

1.1.2.2 Lewis acidity f
During early investigations from 1965, Lewis sites in zeolites were found in zeolites after
high temperature treatment of the protonic form. It was assumed by Uytterhoeven et al.
[1965] that Lewis sites were produced by dehydroxylation of zeolites and occurred és
tricoordinated aluminium atoms and Si" sites in the anionic structure. The relative quantitie;s
of Lewis sites in the catalyst as identified by infrared spectroscopy of adsorbed pyridine wefe
shown to increase with increasing temperature of calcination [Ward, 1967]. Later, in 1984;1,
Kustov et al. used infrared spectroscopy of adsorbed hydrogen to investigate these sites.
They reported the existence of three bands of adsorbed hydrogen (4010, 4030 and 4060 cm':“)
after dehydroxylation with which they identified three different kinds of Lewis siteis:
tricoordinated aluminium, tricoordinated silicon in the framework structure and aluminium
on cationic sites.

|
These early theories have since been contested. Kiihl [1973, 1977] proposed that if
tricoordinated silicon and aluminium do occur in dehydroxylated zeolites they do this as
intermediates. The tricoordinated aluminium would be removed from the crystal structur;e
by the formation of oxyaluminium species (approximately AlO") which were called the "tl'lile
Lewis sites." Later work of Jacobs and Beyer [1979] and Engelhardt et al. [1983], where

hexacoordinated aluminium was observed by Al MAS-NMR spectroscopy after

[
t
T
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dealumination, supported Kiihl’s dehydroxylation scheme. Karge and Dondur [1990]
investigating the acidic properties of acid washed Mordenites, reported that all dealuminated
samples contain significant amount of extra-framework aluminium and that this generates
Lewis acidity as measured by infrared spectroscopy of adsorbed pyridine. The association
of Lewis acidity with extra-framework aluminium has become a feature of recent literature,
although the possibility still exists for Lewis acidity to be created by tricoordinated

aluminium occurring at defects sites in the catalyst [Karge, 1993].

The Lewis sites can be seen by infrared spectroscopy of pyridine adsorption where a typical
band at 1450 cm™ has been widely reported [Uytterhoeven et al., 1965; Cannings, 1968;
Ward, 1976; Karge, 1991]. A band at 1462 cm™ has also been observed and ascribed to a

second, stronger Lewis site, but there is no clarity as to its nature.

In principle the charge-compensating alkali metal ions can be seen as Lewis sites, as they
are sites which can also act as an electron pair acceptor. These sites can be observed by
adsorbed pyridine bands in the infrared region 1438 to 1452 cm™”. However, these cations
do not seem to play a role in the catalysis of hydrocarbon reactions [Rabo and Poutsma,

1971].

In summary the Lewis sites in zeolites are generally regarded as emanating from extra-
framework cations. Weak Lewis acidity from charge compensating alkali metal ions
(particularly sodium) do not appear to contribute to activity, while stronger Lewis acidity
appears with extra-framework aluminium upon dealumination. The creation of these sites
during dealumination and postulations as to their nature are discussed later as part of the

effect of dealumination on the acidity of zeolites.

1.1.3 Zeolites in catalysis
The use of zeolites as catalysts was first announced in 1960 [Rabo et al., 1960; Weisz and

Frilette, 1960]. They are used mainly in the area of petroleum refining, synfuels production
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and petrochemicals production, although much work is being done in the synthesis o[f

)
1

specialised fine chemicals [Holderich and van Bekkum, 1991].

Petroleum refining uses mainly Zeolite-Y for fluidized catalytic cracking (FCC) and
hydrocracking, and ZSM-5 and Mordenite for catalytic dewaxing (i.e. the removal of long
chain hydrocarbons from the linear paraffin products). Mordenite based catalysts are
receiving more and more attention in the field of paraffin isomerisation due to thei?r
simplicity of operation and high tolerance of feed impurities. Paraffin isomerisation is an
important reaction in the production of higher octane gasoline as it promotes the formatio;n

|

of highly branched paraffin isomers [Pujado ef al., 1992].

Synthetic fuels production includes processes such as the production of high quality gasolin’.e
and distillate fuels from natural gas via the methanol and the oligomerisation of olefins ‘éo
form gasoline and distillate range products. The zeolite ZSM-5 is used primarily for these
processes [Tabak and Yurchak, 1990]. [

Zeolites are also used in many important petrochemical processes, such as aromati:c
alkylation, xylene isomerisation and aromatic disproportionation, to produce valuable
petrochemicals. An example of aromatic alkylation is the Mobil-Badger process which uses
H-ZSM-5 as a catalyst for the alkylation of benzene to produce ethylbenzene [O’Connor ;et
al., 1995]. Cumene formed by the alkylation of benzene with propene can be produced 1In
gas phase using dealuminated Mordenite or in the liquid phase over zeolites Beta and ZSM-
12. Xylene isomerisation reactions often utilise the shape selectivity of zeolites such és
ZSM-5 and Mordenite. The same catalysts are used for disproportionation and
transalkylation reactions [Pujado et al., 1992]. Dealuminated Mordenite has also been found
to show potential for the shape selective alkylation of aromatics such as the isopropylati(?n

of naphthalene or biphenyl [Katayama, 1991; Sugi ef al., 1994].
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1.2 MORDENITE

In 1864 How suggested the name Mordenite for the fibrous zeolite found in radial aggregates
in Morden County, Nova Scotia, Canada [Passaglia, 1975]. Mordenite was first synthesised
by Barrer in 1948 and its structure was determined by Meier {1961]. Since its discovery,
Mordenite has received increasing attention as an acid catalyst in various industrially
important reactions and also as a molecular sieve in gas-liquid and liquid-liquid separations

[Bajpai, 1982].

1.2.1 Synthesis

Initial syntheses of Mordenite, using temperature of above 250°C, Si/Al ratios of 6 and
water/Al,O; ratios of several hundred, produced Mordenite with channel diameters of
approximately 4 A (small port Mordenite), similar to that found in natural Mordenites
[Bai'rer, 1959]. Later, in 1961, Sand synthesized large port Mordenite, having channel
diameters of approximately 8 A [Meier, 1961]. The reduced channel diameter observed in
small port Mordenites was ascribed to either crystal stacking faults or the blocking of pores
with amorphous materials [Whittemore, 1972]. The observed conversion of small-port
Mordenite to large-port Mordenite after 20% removal of aluminium supports the latter [Stach

et al., 1992,]

Mordenite is generally synthesized in an alkaline medium of pH = 12. Although gels with
a high pH lead to the dissolution of Mordenite and its recrystallisation into different phases,
reduction of the pH to 7 or 8, results in the retardation of crystallisation and the formation
of smaller crystallites [Bodart er al., 1986]. Bodart et al. also found that although both
crystallinity and crystallite size increased with synthesis time, the pH of the synthesis gel

remained constant - suggesting that the synthesis comprised of only one nucleation step.

Sand [1968] demonstrated the importance of gel' water content. Crystallisation kinetics can
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be altered by changing the starting materials used and, in addition to this, crystal size can
be varied from less than one micron to over 100 microns. Sand also reported that low
synthesis temperatures necessitated long crystallisation times (75°C, 168 hours) when

compared to higher synthesis temperatures (260°C, 4 hours). {

Si0O2

coexisting phase:
quartz, sodium
polysilicgta, zsm-5

coexisti
phase: "

onaicime:

Figure 1.4. Composition diagram of synthesis gel composition and
temperature required for the synthesis of siliceous mordenite
[Inaoka et al., 1990]

|
The composition of Mordenite can be modified by changing the composition of the synthesis
gel (Figure 1.4). Early synthetic Mordenites were made with Si/Al ratios between 4.5 and
:
5.5, later, in 1972, Whittemore reported the synthesis of Mordenite with ratios ranging
between 6 and 10. A more siliceous Mordenite can be synthesised by either ageing ithe

synthesis gel or by the addition of benzyltrimethylammonium ions to the gel [Ueda, 1980].

1.2.2 Structure !
Mordenite has an orthorhombic crystal structure with a unit cell of dimensions; @ = 18.13
A, b =12049 A and ¢ = 7.52 A [Meier, 1961] and a general chemical structure of

Na, Al Si ,jOgs24H,0. Natural Mordenite has an almost uniform silicon to aluminium ratio

!

i
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(S1/Al) of 5, i.e. x = 8 and their only variation in chemical composition is a change of extra-

+
+
+ + + +

) i )

& ] ) D, e N

. g

A =

+ £ 4 4

Figure 1.5. Structure of mordenite simulated using Biosym showing views along c-axis (top left), b-axis
(top right), main channel (bottom left) and side channel (bottom right)

framework cations [Passaglia, 1975]. In its synthetic form Mordenite can have surface areas



12 - CHAPTER 1. INTRODUCTION

as high as 600 m%/g.

The structure of Mordenite is made up of building units that consist of four and five-member
rings [Szostak, 1992]. The pores are made up of pa_r_allel eiliptical channels with free
apertures of 6.5 by 7.0 A interlinked by smaller pores in the 4 direction [Meier, 1961].
Rather than interconnecting the main channels, the smaller channel branch through twisted
8-mem'b‘ered rings, which have an aperture of only 2.9 by 5.7 A [Meier and Olson, 1978]
and are too small to allow access to most molecules and therefore rendering the catalyst

unidimensional. This structure is shown by the Biosym reproduction in Figure 1.5.

In the hydrated sodium form of the catalyst, four of the eight sodium atoms in each unit cell
are believed to reside in the centre of the 8-membered ring, while the other four are located
close to the entrance of this side pocket [Séﬁk, 1978]. Sanders [1985] has shown the
existence of crystallographic faults, occurring particularly in natural Mordenite, which run

parallel to the main channels, however these do not appear to block these channels.

~
~.
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1.3 DEALUMINATION METHODS

Early attempts at ion exchange by acids showed that not all zeolitic materials could be
exchanged in this way due to a loss in crystallinity. However, some zeolites did not undergo
structural degradation, but it was not realised at that time that these structural changes were

due to framework aluminium removal and consequently this was not investigated.

Selective aluminium removal without structure collapse was first reported by Barrer and
Makki in 1964 when they obtained the removal of framework aluminium from cliptonite
ﬂﬁough treatment with hydrochloric acid. Soon Mordenite, Erionite and Zeolite L were also
shown to be dealuminated in the same manner. Of these Mordenite was of particular interest
due to its availability and potential as a catalyst [Szostak, 1991] and because it differs from
other zeolites in so far as large amounts of aluminium can be easily removed without a loss
in crystallinity [Eberly and Kimberlin, 1970]. Aluminium removal may be achieved by
hydrothermal treatment, treatment with mineral or organic acids, or treatment with a variety

of metal halides, oxyhalides or metal alcoholates [Fejes et al., 1988].

1.3.1 Acid leaching

This is the most common form of dealumination as acids are often used for proton exchange
with cations in the zeolites and dealumination occurs in this process. It has been reported
by Wang et al. [1991] that aluminium can be drawn completely out of the zeolite framework
by acid washing and that a large part’ of extra-framework aluminium (EFAl) found in
zeolites especially after steaming can be removed using a treatment with acid, without the
removal of framework aluminium (Al). It has been found that mild acid washing will result
in a more active catalyst and this is seen as a result of the removal of this EFAI as well as
the generation of strong acid sites by aluminium removal. Van Niekerk ef al. [1992],
however, have reported that the extent of dealumination is strongly influenced by the

properties of the catalyst such as crystal size.
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1.3.2 Hydrothermal dealumination

This method of dealumination involves the calcination of the catalyst at relatively high
temperatures in the presence of steam. Even in cases where steam is not fed to the catalyst,
water vapour can be produced by dehydroxylation of the zeolite. McDaniel and Maher
[1968] and Kerr [1969] reported the formation of ultra-stable Zeolite-Y by thermal treatment
in a static environment. The resultant catalyst was seen to be strongly dependent on the bed
conditions and Kerr [1969] proposed that '\‘deep bed" calcination allowed the gases removed
by the catalyst on calcination to act on the remainder of the catalyst bed and remove
framework aluminium. Ward [1970] subsequently obtained samples of Zeolite-Y with
similar characteristics by steaming at a low partial pressure of water (13.8 kPa). Scherzer
[1984] reports that this treatment results in the expulsion of tetrahedral aluminium from the
framework, but not from the zeolite, leading to the formation of neutral or cationic EFAL
Sites vacated by the aluminium can be filled with silica, which leads to a very stable, highly
siliceous framework. Although considerable activity enhancements have been reported for
some catalysts after hydrothermal treatment (e.g. Lago et al. [1986]), this method of

dealumination has seldom been used on Mordenite.

'1.3.3 Combinations of steam and acid treatments

The first use of a combination of acid and thermal treatment was reported by Sand and co-
workers in 1970. The ease with which the aluminium was removed by acid leaching after
steam treatment suggested that at least a portion of the aluminium was removed from the
framework during thermal treatment. Mishin et al. [1973], using a similar procedure, studied
the effect of preheating temperature on the degree of dealumination and from this concluded
that preheating temperatures and acid concentration are the major factors influencing the

degree of dealumination [Chen and Smith, 1976].
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1.3.4 Washing with chelating agents

Washing with chelating agents has been primarily used for the selective removal of external
aluminium from Zeolite-Y. EDTA, an acid and a chelating agent, is too large to fit into the
pores of most zeolites and so extracts the aluminium from the surface. However, either the
zeolite or the EDTA must be at least partially in the hydrogen form for dealumination to
occur [Kerr, 1968]. Other chelating agents which have been used for aluminium removal
are acetylacetone and several amino-acid-derived agents [Beaumont and Barthomeuf, 1972

and 1973].

1.3.5 Reactions with other compounds

Beyer and Belenykaia [1980] have been able to dealuminate Zeolite-Y by reaction with
silicon tetrachloride vapours at high temperatures. Dealumination of Mordenite with SiCl,
has been reported [Klinowski et al., 1983] but this is more difficult to achieve because of
steric hindrances. Dealumination has also been achieved by reaction with fluorine and
ammonium hexafluorosilicate [Skeels and Breck, 1984]. Both methods result in the
substitution of framework aluminium for silicon. To achieve high degrees of dealumination
intermediate calcination between washes is requierd [Szostak, 1991]. Other methods for
aluminium removal require its removal for the insertion of other metals (e.g. chrome in

chrome chloride), but this is better categorised as impregnation or substitution.
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1.4 CHARACTERISTICS OF DEALUMINATED ZEOLITES

The removal of aluminium from the framework results in changes to the structure, acidic
nature and catalytic activity of the catalyst. This is a result of the reduction in framework
aluminium content of the catalyst, the production or removal of extra-framework aluminium

species and framework distortions and rearfangements to accommodate both of these.

1.4.1 Mechanisms of dealumination

Most studies on the mechanisms of zeolite dealumination have been performéd on ZeolitefY
and, to a lesser extent, ZSM-5. These can be used for zeolites in general as they do not
depend on crystal structure. Barrer and Peterson [1964] have proposed the following

mechanism for acid dealumination of zeolites:

Si Si
0t 0
Si-O-AFO-Si +3HO — Si-OH HO-SI + Al(OH),
O 0
Si Si

Hydrolysis of the framework oxygen takes place, leaving a hydroxyl nest and removing the
aluminium. Goovaerts et al. [1989] reports that the first framework aluminium atoms to be
leached by acid are those in the four membered rings and that these are deposited in the side

pockets during mild dealumination.

More severe acid wéshes would extract more aluminium from these four membered rings,
opening up the side pockets and moving the extracted aluminium into the twelve-membered
rings as completely hydrated AI**. However, Sawa [1992] has reported that EFA] is
preferentially removed by acid washing and therefore one would not expect a large amount

of aluminium to remain in the zeolite pore after acid washing.
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Wang et al. [1991,] proposed a mechanism for the hydrothermal treatment of Zeolite-Y,
which is essentially the same as the one shown for acid dealumination. They proposed that

the product species above underwent silicon insertion to repair the defect site:

S Si

|

0 :
Si-OH ,HO-Si + Si(OH), — Si-0-§-0-8i + 4HO

0 O

S | S

Under conditions of self steaming they proposed that, due to an absence of water to speed
up the migration of silicic species and a shortage of these species after such mild
dealumination, this last step could not occur. This results in an observed decrease in

crystallinity. No aluminium was observed to migrate to the surface.

Wang et al. [1991,] divide steaming into two periods: the first is a rapid step where the
repair of defect sites is more rapid than aluminium removal and aluminium migrates to the
surface as indicated by an increase in crystallinity and XPS data. The second period is much
slower due to the limitations of diffusion on water entering the zeolite and the possibility of

cationic EFAI exchanging in the zeolite.

It has been reported by Sano et al. [1987] that the rate of hydrothermal dealumination from
ZSM-5 is second order with respect to the concentration of framework aluminium. This also
predicts an initially fast dealumination followed by a progressively slower reaction, but does

not take into account diffusive effects and the presence of EFAL

Stabilization of the framework during steaming has been reported by many authors and
various reasons have been given. Firstly, it has been postulated by Kerr that the cationic
EFALl of unknown charge or form associates with framework aluminium, stabilising it and

does not allow its removal by steaming. This was based on the fact that only those
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framework aluminium atoms which are associated with protons are hydrolysable [Chen and
Smith 1976]. Chen and Smith therefore calculated that since the hydroxyaluminium ion can
have a charge from 1+ to 3+ the maximum degree of dealumination in one steaming step

is between 16.7 and 50%.

Secondly, the elimination of water from "hydroxyl nests" to forrh Si1-O-Si bonds has been
postulated [Scherzer, 1984; Brunner et al., 1988]. Fejes ef al. [1985] studied the thermal
stability of these hydroxyl nests in acid dealuminated Mordenite and found evidence from

TG-DTA to show that they were stable up to about 500 K at which point dehydration

occurred.
S Si
O 7 .
I O
Si-OH HO-Si—— §i Si+ 2HO
H /
0 N
Si - Si

However, Beyer ef al. [1984], have reported that at least partial dehydration occurs at 430
K and above. Various linkages with different ring structures which were postulated are

shown in the schematic below. At low temperatures (430 K) partial dehydroxylation takes
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place - producing species II or IIl. However, these mechanisms imply a strong distortion
of the lattice and would affect its stability. Therefore, based on the conception that the
opened rings would increase the flexibility of the lattice, Beyer ef al. [1984] suggested that

scheme III existed in partially dehydroxylated Mordenites as well as possibly scheme II.

Thirdly, silica migration and insertion into the vacancies left by dealumination, which recent
sorption studies tend to support, could also stabilise the structure. This mechanism is also
supported by infra red studies [Scherzer, 1973] and was the conclusion of the mechanism
of Wang et al. [1991,]. Finally, von Ballmoos suggested what has become known as the "T-
Jump" reaction. The reaction is based on the assumption that vacancies formed by
dealumination migrate slowly to the catalyst surface, exchanging places with neighbouring

T atoms [von Ballmoos, 1981].
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“T-jump” reaction (from Scherzer [1984])
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1.4.2 Structure of dealuminated zeoiites

1.4.2.1 Crystal Structure

Olsson and Rollmann [1977] have measured the unit cell dimensions of acid leached NH,-
Mordenite using X-ray diffraction. They found that lattice contractions occurring on
dealumination are strongly anisotropic and non-linear. Initial aluminium removal (the first
25%) strongly reduces the b lattice parameter and to a lesser extent the ¢ parameter, but
leaves the a parameter unchanged. Thereafter, intermediate levels of dealumination reduce
all three parameters by roughly the same amount. This they interpreted as evidence of
aluminium occurring in four basic site types in the Mordenite structure. The differently sited
aluminium atoms show different susceptibility for removal. Raatz er al. [1985] investigated
the effect of thermal treatment on Mordenite and saw a decrease in unit cell size with

increasing treatment temperature.

1.4.2.2 Creation of an aluminium gradient

Although is has been shown that synthesis conditions are largely responsible for the creation
of aluminium gradients within zeolite crystals [Kokotailo et al., 1995], dealumination
treatments have also been determined fo result in changes to these gradients. Mishin and
Klyachko [1989] found dealuminated Mordenite to have an aluminium-lean surface

compared to Mordenite synthesised with the same Si/Al ratio.

From adsorption studies it has been observed that acid dealumination occurs mainly at the
pore mouths of Mordenite [Sawa, 1992]. This was reasoned to be the result of competition
between the relative rates of diffusion of the acid and the dealumination reaction, i.e. a
strong acid which dealuminates faster than it diffuses into the crystal will remove aiuminium
preferentially from the surface [Sawa, 1989]. However, no aluminium gradient was seen by
XPS after thermal and acid treatment and a slight surface enrichment was seen for steam

treatment by Meyers et al. [1988] as well as a blocking of 60% of the micropore volume.
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In a similar investigation, however, Remy e al. [1993] showed that the surface of a
. . ).

Mordenite sample which has been steamed and then acid washed contained only tetrahedral

aluminium in untreated mildly dealuminated samples. Tricoordinated, and hexacoordinated

aluminium species were produced on the surface only after more severe dealumination.

Dwyer et al. [1982] has used Fast Atom Bombardment Mass Spectrometry to study the
surface and bulk compositions of steamed and acid washed zeolites. In general, Mordenite
was found to have less aluminium at the surface than in the bulk, particularly in its protonic
form, and this effect was increased by acid washing. Aluminium migration to the surface
was observed after steam treatment. Each of the researchers used different dealumination
conditions and combinations of dealumination methods and therefore no consistent results
were seen. However, in general, acid washing has the potential to remove aluminium
preferentially from the surface, while steaming has been seen to produce an aluminium rich

surface.

1.4.2.3 Changes in pore size

Chen [1976] reported an increase in sorption capacity for cyclohexane after acid leaching
of H-Mordenite. This was ascribed to the removal of extra-framework material.
Dealumination by acid leaching and by steaming followed by acid leaching has also been
reported to lead to an increase in pore size or an enlargement of the side pockets [Beyer,

1984] and an increase in mass transfer through the channels [Musa et al., 1987].

However, from analysis of H,O adsorption on dealuminated Mordenites, Belenkaja et al.
[1971] concluded that micropore volume actually decreases and the increase in pore volume
is a result of mesopores formed by the unification of adjacent pores and by removal of

framework aluminium or silicon.

Dashevskii ef al. [1978] studied the structure of dealuminated Mordenite (Si/Al = 23.5) using
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transmission electron microscopy and reported that a considerable number of channels had
a diameter which was enlarged to 20 A. Mesopores have also been observed using nitrogen
adsorption isotherms after acid treatment of H-Mordenite [Ajot ef al., 1991]. These were
thought to be a result of acid leaching of aluminium rich nodules providing that the initial
Si/Al ratio is high enough to avoid framework collapse and crystallographic defects are

present, thus their formation is primarily a function of Si/Al ratio and synthesis conditions.

Olken and Garces [1993] observed the hydroconversion of n-decane over Mordenite which
has been thermally treated and acid washed. An increase in dimensionality was observed
by a shift in selectivity towards a symmetrically cracked product (i.e. they concluded that
the Mordenite structure change from one dimension to two or three dimensions). This could

be indicative of the creation of mesopores, or the enlargement of the side pockets.

An increase in acid strength combined with a more constricted pore diameter has been
reported in ZSM-5 after Steaming by Vasques et al. [1989] as a result of experiments
conducted using n-heptane cracking and m-xylene isomerisation. However, Lohse et al.
[1984], using the adsorption of water, cyclohexane, benzene and n-hexane to show the effect
of steaming on the diffusional properties of steamed ZSM-5, found that only the diffusion
of water was greatly affected by steaming. These results suggest that although the

hydrophobicity of the catalyst may have altered, the pore diameter has not decreased.

1.4.3 Extra-framework aluminium species .

The existence of extra-framework aluminium is well known and has been discussed
frequently in the literature [Scherzer, 1984; Karge and Weitkamp, 1986; Engelhardt, 1991,
Hannus et al., 1995]. However, although it is known that their nature and distribution is
dependent on the initial composition and structure of the catalyst and the dealumination

procedure, there is no comprehensive view that can be given concerning the chemical nature



CHAPTER 1. INTRODUCTION 23

of these species [Crocker et al., 1993]. Although the production of extra-framework
aluminium is interlinked with both acidic and catalytic changes within the catalyst, this
section is described here separately in order to present the types of species thought to exist

before looking at the effects these might have on the acidic or catalytic properties of zeolites.

In 1967, Kerr proposed that the AI(OH),, produced by hydrolysis of the Si-O-Al bond, goes
on to dehydrate in combination with protons from Bronsted sites to form cationic extra-
framework species of the type AI(OH)*" or AI(OH),". Kiihl [1977] was in agreement with
this proposal and thus suggested that the EFAI species in Zeolite-Y and dealuminated
Mordenite were present, at least partly, in a cationic form (i.e. AIO") but he was not certain

of its coordination.

Engelhardt et al. [1987] saw a greater number of extra-framework hydroxyaluminium species
after steam treatment than after thermal treatment as evidenced by 'H MAS NMR. However,
the detected number of aluminium hydroxy species was not related to number of EFAI
species as with increasing time of treatment (from 1.5 to 12 hours), dehydroxylation

reactions were thought to occur.

Goovaerts et al. [1989], studied the hydroxyl group populations in acid washed and dried
Mordenites to iﬁvestigate this dehydroxylation. They suggested that, on the basis that EFAI
in hydrated samples are octahedral [AI(H,0),]** species, the dehydrated EFAl species
Al(OH),;, AIOOH and AlO" are formed at increasing temperatures 473, 673 and 773 .K
respectively. The species AI(OH)," and AIOOH were speculated to exist in the side pockets
of Mordenite in dehydrated, acid leached samples. The presence of extra-framework AIOOH
was also reported [Brunner et al., 1991]. The aluminium was proposed to be in tetrahedral

coordination through its proximity to two framework oxygens.

In a review on the ultrastabilisation of zeolites, Fejes ef al. [1988] proposed that, while the

formation of the AlQ" species was a possibility, the partial formation of a charged polymeric
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aluminium-oxygen compound seemed to be more probable. It was subsequently reported by
Sawa [1992] that most of the non-structural aluminium was occluded as clusters. This
supported the work of Janin er al. [1988 and 1991] who suggested that the non-acidic
hy.droxy-aluminium species occur as highly dispersed alumina-rich silica-alumina phases,
while the acidic hydroxy-aluminium species would be due to a more silica rich phase.
However, Gruver and Fripiat [1994] have concluded from an infrared study of CO
chemisorption that the Lewis sites generated from EFAl are highly dispersed throughout the
zeolites. A similar conclusion was drawn by Hong and Fripiat [1995] after studies of

nitrogen and pentane adsorption on calcined Mordenite.

The fact that exchange capacities of platinum on deep bed calcined Mordenite decreased with
increasing temperature prompted Raatz er al. [1985] to concluded that the number of
exchange site had been reduced by framework dealumination and the creation of
unexchangeable cationic Al species. The nature of these species were thought to depend
on the calcination temperature, high temperatures favouring the formation of neutral

hydroxyaluminium complexes.

Rhodes and Rudham [1993] studied the effect of steaming and EDTA washing on Zeolite-Y
using a number of characterisation techniques. They concluded that the majority bf EFAl
species in the steamed sample were present as asymmetric species or polymeric oxides which
were extensively removed by EDTA washing. They also found that there was possibly a
charge balancing effect of EFAI species on the framework aluminium and calculated that
such EFAL had a single positive charge, although other investigators have assigned other
charges. For instance Fritz and Lunsford [1989] proposed that EFAI in Zeolite-Y exists in
the form AIOOAI** or AI(OH)* on the basis of infra-red studies of the hydroxyl region.

Compensating effects of EFAI have also been observed in Mordenite. Miller e al. [1992]
has recently reported that Mordenite dealuminated up to 20% possesses octahedral, non-

structural and non-acidic aluminium groups but, after about a 50% dealumination, internal
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pentacoordinated non-structural aluminium species were formed. These were proposed to
be either non-acidic or weakly acidic and significantly reduced the strength of the remaining

structural ions.

As shown here and in other reports [Jeanjean, 1991; Sun, 1991; Corma, 1989,; Scherzer,
1984] EFAI has been described variously as species which could be neutral, located in
cationic sites on the framework such as AI**, A10*, AI(OH)** or Al(OH)," with octahedral

or tetrahedral symmetry or in the zeolite cages in the form of a dimer or polymer.

1.4.4 Acidity of dealuminated zeolites
Lewis acidity, as has been mentioned, is usually associated with extra-framework aluminium,
while Bronsted acidity is associated with framework aluminium. Both are however affected

by dealumination and seem to be somewhat interlinked.

1.4.4.1 Increased acidity by framework aluminium removal

The number of Bronsted acid sites has been found to decrease with removal of framework
aluminium, while the density of strong acid sites showed a maximum [Stach and Janchen,
1992). This observed effect fits well with the Next Nearest Neighbour Theory discussed
préviously (Fig 1.3). This peak in strong acidity has been reported to possibly be shifted in -
some cases by diffusional effects from the calculated position of Si/Al=9.5t0 a higher ratio

[Ribeiro ez al., 1991].

In 1978, Kiovsky et al. reported that Mordenite differed from Zeolite-Y in that the number
of strong acid sites increased with acid dealumination. They ascribed this to the formation
of a hydroxyl nest, by the removal of aluminium, which acts through the lattice to polarize

the hydroxyl electron cloud away from the proton of a nearby Bronsted site.
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This concept was supported by Ghosh and Curthoys [1984] who reported increased acidity
to be due to both the formation of SiOH groups and easier access to Bronsted sites by the
removal of amorphous material [Ghosh and Curthoys, 1983 and 1984]. However, more
recently it has been reported that the silanol defect sites produced by strong écid
dealumination, measured by infrared spectroscopy, were found to have no effect on acid

strength as measured by ammonia temperature programmed desorption [Miller et al. 1992].

Zholobenko et al. [1993], who proposed the existence of high and low frequency Bronsted
acid sites, found that with increased dealumination, the amount of low frequency acid sites
decreased, while the amount of high frequency sites increased. The same trend was observed
by Makarova et al. [1994] in ultrastable Zeolite-Y where increased catalytic activity was

directly linked to an increase in high frequency and a decrease in low frequency hydroxyls.

1.4.4.2 The eﬁect of EFAl on Lewis acidity

Lefrancois and Malbois [1971] have reported the existence of three types of acid sites on
Mordenite distinguished by infrared spectroscopy of adsorbed pyridine. They found
Bronsted acidity showing a band at 1545 cm™, Lewis centres, assumed at that time to be
tricoordinated aluminium atoms with an electron.free orbits, at 1455 cm™ and a third site
probably due to strong interactions between cation and pyridine atom at 1445 cm™. Lercher

and Rumplmayr [1985] investigated acid dealuminated HZSM-5 and found similar sites.

Bosacek and Freude [1988] investigated Zeolite-Y using aluminium NMR and infréred
spectroscopy of carbon monoxide. They proposed that after dehydroxylation of the zeolite
by treatment above 450°C under vacuum, aluminium released from the lattice probably exists
as a cation of simple composition i.e. AlI** or AlO*, exhibiting very strong lewis acidity.
After hydration these could be transformed into various hydroxocations. Alternatively,
Garralon et al. [1989] suggested that the éuper-acid sites are due to the presence of

amorphous silica alumina in the pores formed during dealumination. Zholobenko et al.
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[1993] and Witzel et al. [1995] also reported the existence of Lewis sites created by EFAL,

although the exact nature of the Lewis acid site has not been explained.

1.4.4.3 The effect of EFAl on Bronsted acidity

In several zeolites, the existence vof enhanced Bronsted acid sites has been reported to be
associated with the presence of EFAI in addition to isolated framework aluminium ions
[Mirodatos and Barthomeuf, 1981; Lago et al., 1986; Beyerlein et al., 1988; Vasques et al.,
1989; Garralon et al., 1989; Goovaerts ef al., 1989].

The EFAI species was proposed to either give rise to Bronsted acidity directly according to
AlO" + H,O & AIO(OH) + H' or enhance the Bronsted acidity of other acid sites in
proximity to it, giving rise to "super acid sites" [Mirodatos and Barthomeuf, 1981]. The
latter proposal, that a portion of the EFAI is located in the cages of some zeolites, which
withdraws electrons from the framework hydroxyl groups, making them more acidic, has
been proposed by a number of authors [Beyerlein et al., 1988; Carvajal et al., 1990; Chen
et al. 1992]. This "synergistic effect" between the Lewis site and the nearby proton of a
strong Bronsted lsite has also been investigated by Brunner et al. [1994] using 'H MAS
NMR, but the EFAI produced by steaming at "mild" conditions was not found to increase

the strength of Bronsted acid sites.

Negative effects of EFAI on acidity have also been reported. After high temperature thermal
dealumination Meyers et al. [1988] reported strong acidity to have been nearly completely
destroyed or made inaccessible by amorphous material created during hydrothermal
treatment. Subsequent treatment by acid was reported to remove this material and allow
access to the strong acid sites. A similar result has been observed by Bamwenda et al.
- [1994] and they concluded that EFALI species reduced the acidity of steamed catalysts by

blocking pores or covering individual acid sites indiscriminantly.
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None of the nonétructural aluminium produced by acid and steam treatment by Miller et al.
[1992] was seen to be acidic. When present in low concentrations, the octahedral EFAl had
no effect on acid strength of the remaining framework aluminium. However, when large
amounts of nonstructural, pentacoordinated aluminium are present in the pores of Mordenite,

the acid strength of many of the framework sites decreased.

1.4.5 Catalytic activity of dealuminated zeolites

Mild acid washing has been shoWn to generally result in Mordenite becoming a more active
catalyst [Bierenbaum et al., 1971; Koriada et al., 1980; Scherzer, 1984] which is superior
to Mordenites synthesized with comparable Si/Al ratios and which show a slower decline in
activity [Chumbale et al., 1992]. This has been assigned to the removal of amorphous
material created during synthesis from the channels and the generation of strong acid sites
[Scherzer, 1984]. The increase in quantity of strong acid sites by the removal of aluminium,
discussed in the previous section, results in a more active catalyst (as was shown by Miller
et al. [1992]). Catalytic reactivity for n-hexane cracking was found to increase with the

number of acid sites with an enthalpy of absorption for ammonia greater than 130 kJ/mole.

S 07 e © ISOMER RATIO

Ay SELECTVITY at
gﬂ 06 g
5l :
& 03; g
& o
Q. 021 « n

a 95

0 2 K4 16 18 20 22 24 26 28 30
Si0,/A1,05 MOLE RATIO ——o

Figure 1.6. Isomer ratio and selectivity versus Si0,/Al,0, mole ratio of modified
H-M in the isomerisation of n-pentane.
[Koriada et al.,, 1980]



CHAPTER 1. INTRODUCTION 29

There have been many studies of acid leached Mordenite using various probe reactions
which have exhibited increases in catalytic activity up to a Si/Al ratio of between 8.5 to 9.5
followed by a subsequent decrease. These include n-pentane isomerisation [Koriada et al.,
1980] (shown in Fig. 1.6.), cumene cracking [Bierenbaum et al., 1971] o-dichlorobenzene
. isomerisation [Pardillos et al. 1989], and others. This corresponds to the maximum seen in

strong acidity for dealuminated Mordenites.

It has been demonstrated that mild steaming of ZSM-5 and Zeolite-Y can result in an
enhancement of the activity of these zeolites. Most investigators explain this enhancement
by an interaction of the Broénsted acid sites of HZSM-5 and of Lewis sites of EFAl. The
possibility of an inductive effect of Lewis sites on the protonic acidity of zeolites was
mentioned a long time ago [Hopkins, 1968; Lunsford 1968]. According to Mirodatos and
Barthomeuf [1981], this influence could explain why, during toluene disproportionation,
steamed Mordenite samples could activate hydrogen and thus reduce coke formation [{Gnep

et al., 1980].
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Many authors have reported activity enhancements over mildly steamed Zeolite-Y [Cofma,
1989; Addison et al., 1988; Pellet et al., 1988; Kubelkova et al., 1989] and ZSM-20
[Kosslick et al., 1994]. However, prior to this, Haag [1983] and Lago et al. [1986] observed
that the activity of HZSM-5 for hexane cracking increased about fourfold upon mild
steaming of the catalyst (Figure 1.7). They postulated that the enhanced activity arises from

aluminium atoms in close proximity to each other, such as paired Al centres.

One member of a paired Al region is then modified during hydrothermal treatment, possibly
by being partially hydrolysed. This species then acts as a strong electron withdrawing centre
for the remaining tetrahedral aluminium, creating a stronger Bronsted site. During steaming,
a substantial portion of the aluminium is removed from the framework and much of this is
extra-crystalline. The remaining strong sites exhibited a specific activity 45-75 times greater

than that of a normal site of ZSM-5.

Brunner et al. [1989] and Sendota and Ono [1988] propose that the reacting n-hexane
molecules simultaneously react with the Bronsted and Lewis centres. They proposed that
the presence of bridging OH groups are necessary for activity enhancement and therefore a
convenient spatial arrangement of the reacting molecule on a bridging OH group and an |
extra-framework aluminium species leads to enhanced activity. This model requires a
balance of structural and extra-framework aluminium for optimum activity. More recently,
Hong et al. [1994] found the rate of isomerisation of n-pentane and o-xylene to be
proportional to the product of the amounts of Bronsted and Lewis sites present in steamed
aﬁd calcined Mordenite. They concluded that this was proof of a synergistic effect between

Bronsted and Lewis acid sites.

Investigating this area co-workers Zholobenko et al. [1990, 1991] and Loffler et al. [1991]
concluded from studies of n-hexane and 1-hexene cracking and infrared spectroscopy on
mildly steamed HZSM-5 that there was no inductive effect of an EFAL on the proton donor

properties of the OH groups. The increase in activity was therefore not explained by
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variations in Bronsted activity, but rather by a change in Lewis acidity.

In the proposed mechanism, the Lewis acids are responsible for the initiation of n-hexane
cracking via dehydrogenation or demethanation of the substrate molecule, regarded as the
limiting step. This leads to the formation of reactive olefins that react via a classical
carbenium_ion mechanism involving Brénstedv acid sites. This is supported by the results in
Figure 1.8 which show that the steaming has a minimal effect on the reaction of n-hexane/1-

hexene mixture compared to the n-hexane alone.

In agreement with this, Luk’yanov [1991] found that steamed samples of ZSM-5 gave
increased selectivity for propane and decreased selectivity for ethane and so concluded that

the enhancement is due to the increased activity of the hydrogen transfer step of the reaction.
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Figure 1.8. Dependence of k/k, on the time of steaming pretreatment of HZSM-5
zeolite: (1) for cracking of pure hexane; (2) for cracking of the mixture containing
99% n-hexane and 1% 1-hexene. [Zholobenko et al., 1991]

Wang ef al. [1991;], investigating the effect of steaming and acid washing on Zeolite-Y on
the cracking of n-heptane, found activity to be dependent on both framework and extra-

framework aluminium content. When large amounts of framework aluminium are present
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the EFAI appeared to have a promoting effect on the activity for all reactions including
coking. This was explained by an inductive effect of the Lewis acid sites of these species
on the protonié sites of the zeolite. However, with reduced framework alumini?m these
EFALI species have practically no effect due to the large distances between them and the

protonic site.

However, certain authors [Jacquinot et al., 1989; van Broekhoven et al., 1989; Mavrodina
et al., 1989] have claimed steaming has a negative effect on the activity of zeolites. In
particular it was the residual monotonic cations which were reported to have a draniatic
negative effect on activity for Zeolite-Y [Hansford, 1967; Ward and Hansford, 1969;
Beaumont and Barthomeuf, 1973]. Alfhough there was a small amount of sodium in the
catalysts used (up to 10 wt%) and Beyerlin et al. [1_988] has showed that residual sodium
cations decrease isobutane cracking activity, the observed effect may not be fully explained

by sodium poisoning.

Nock and Rudham [1987] found that the presence of EFAl, possibly located at the crystallite
surface of the Zeolite-Y, was detrimental to the catalytic activity for cumene cracking due
to an increase in the level of pdre-mouth coking and thus their removal increased catalyst

lifetimes. Ohlmann ef al. [1991] found similar results for methanol to olefin reactions over

ZSM-5.

Studies of the effect of EFAI on the catalytic activity of Mordenite have also shown mixed
results. In a review on dealumination Scherzer reports that steaming of Mordenite results
in a decrease in catalytic activity due to the elimination of acid sites and the creation of
diffusional constraints [Scherzer, 1984]. Abbot and Guerzoni [1992] found that the
formation of aromatics and coke during reactions of n-octane on H-Mordenite was enhanced

by the presence of Lewis sites on the catalyst surface, leading to rapid deactivation.

Deactivation in Mordenite is pronounced due to the effect not only of acid site poisoning and
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the consumption of the active hydroxyl groups, but also that of pore blocking [Karge and
Boldingh, 1988]. Therefore small increases in coke formation would have severe negative
effects on the catalytic activity. Mishin and Klyachko [1989], on the other hand, speculated
from work on dealuminated Mordenite and Zeolite-Y that the significance of EFAI as an

active site is negligible.

A maximum in activity for hexane cracking was observed for Mordenite dealuminated with
dilute acid [Goovaerts et al., 1989]. Alternatively, very strong acid sites were observed by
temperature programmed desorption on mildly steamed Mordenite [Mirodatos and
Barthomeuf, 1981]. In both studies the enhanced acid strength or catalytic activity was
accompanied by the formation of extra-framework Lewis acid sites. Goovearts et al. [1989]
proposed that the function of the Lewis acid wés to dehydrogenate paraffins to olefins, while
Mirodatos and Barthomeuf [1981] suggested that the Lewis acid bridged the structural
hydroxyl acid site, withdrawing electron density and increasing the acid strength of the

structural Bronsted hydroxyl group.

Ratnasamy et al. [1981] investigated the isomerisation and disproportionation of o-xylene
over Na-Mordenite protonated to various levels. Comparing their results to the creation of
EFAIl proposed by Kiihl [1977], they concluded that a Bronsted site associated with a extra-
- framework AlO" species was responsible for the observed enhanced activity at high levels

of Na exchange.



34 CHAPTER 1. INTRODUCTION

1.5 THE USE OF PROBE REACTIONS

One of the best methods for catalyst characterisation is the use of probe reactions. This
method probes the catalytic properties of the sample directly. However, care must be taken
in choosing a probe reaction. The reaction should be well understood and thus be able to
probe a particular aspect of the catalyst’s behaviour. Other reaction effects such as mass and
heat transfer limitations also need to be eliminated as these obscure the true catalytic nature
of the catalyst that one wants to observe. The probe reactions discussed here were chosen
on these criteria and are used to probe the number and strength of acid sites (isobutane
cracking), the external activity (cyclohexanol dehydration) and shape selective effects

(isopropylation of naphthalene) of the dealuminated Mordenite samples.

1.5.1 Isobutane cracking

Isobutane cracking has been proposed as a sensitive probe reaction over solid acid catalysts
[McVicker et al., 1983; Lombardo and Hall, 1988]. When subjected to high temperature
cracking, the isobutane molecule provides a sizeable number of products with which to
investigate reaction selectivity, but these are limited in number and so do not become
unmanageable. The reaction has also been shown not to be dominated by mass transfer

limitations [McVicker et al., 1983].

The mechanism of paraffin cracking has been extensively reviewed. As a result of the fact
that small product molecules were typical of gas phase radical reactions McVicker et al.
[1983] suggested that feed paraffin molecules combine with Lewis sites on solid acid
catalysts to form radical ions which then decompose to small alkanes or hydrogen and
alkenes. The latter may then form carbonium ions which isomerise, oligomerise and crack.
The radical mechanism produces hydrogen, methane, propene and isobutene, while the

products from the carbonium ions would be propane, n-butane and pentanes.

Later, however, Haag and Dessau [1984] and Corma et al. [1985] proposed an alternative
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mechanism. The initial step of this mechanism is the direct protonation of a paraffin to form
a non-classical pentacoordinated carbonium ion. This then decomposes to form a small

alkane or hydrogen and a carbenium ion which deprotonates to form an olefin.

T
+ H2 + CHg_C‘CHg
CHa CHs ¥
CH3C~CHs + H"— | CHyC~CHg|—
T CHs ﬁ\ﬁ ? CHs
CHs + CHg_CP"'
H

More recently, Lombardo and Hall [1988] have proposed a single mechanism to account for
the observed product distribution of neopentane and isobutane over solid acid catalysts. The
initial step is the same as that described by Haag and Dessau [1984] and shown above. The
tertiary butyl cation (t-C,H,") equilibrates with its isomerised linear form and an. equilibrium

is established between all the carbenium ions and their corresponding alkenes.

CH +A = CH, +HA
V1

n"C4H9+ + A. —(—" n-C4H3 + HA

The lifetimes of these carbenium ions play a vital role in this mechanism. For a weak acid
catalyst the lifetimes of these ions is short and thus the equilibrium would lie to the right.
The only products expected would be the olefins formed by the above reactions and the
hydrogen and methane formed in the initial step. For stronger acid catalysts under
favourable reaction conditions the equilibrium lies to the left as the carbenium ion lifetime
is long. These ions may then undergo reactions such as oligomerisation, isomerisation, 3-
scission and hydride transfer. This would produce propane, n-butane, pentanes and higher

products from isobutane.

This mechanism encompasses the two separate mechanisms proposed by Haag and Dessau
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[1984] and differs from the mechanism of McVicker et al. [1983] only in the mechanism
for the formation of the carbenium ion. All mechanisms predict the same distribution of
products. Shigeishi et al. [1991] have noted that there is an increase in the production of
hydrogen, methane, propene and butenes at high temperatures. This can be explained by a
shift in the equilibrium equations towards the right due to the endothermic nature of the
reaction, which results in a decrease in lifetime of the carbenium ion and its participation in
further reactions. The same result is seen when contact time is reduced as well as with
increasing unit cell size of zeolite [Corma et al., 1994], indicating that it is necessary for the

reaction to be carried under identical conditions when comparing catalysts..

Dumisic et al. [1993] have studied the kinetics of this reaction and shown that all olefin
desorptions and carbenium ion isomerisations are equilibrated reactions. The kinetically
significant, and essentially irreversible, reactions were established to be the initiation steps;
the oligomerisation and hydride transfer reactions and the ethylene production step. With
weaker acid sites the rates of hydride transfer relative to initiation reactions was reduced as
was the production of ethylene. The hydride transfer reactions may, however, be sterically

hindered on Zeolite-Y, particularly for the production of isopentane.

1.5.2 Cyclohexanol dehydration

The dehydration of cyclohexanol has been proposed by Karge et al. [1983] as a suitable
reaction to probe the activity of the external crystallite sites of Mordenite. The dehydration
reaction has been found to occur on both strong and weak Brénsted acid sites and produces
water and cyclohexene as products [Datka et al., 1995]. Polymerisation of cyclohexene
should not be able to occur if the ring structure remains intact. Datka et al. [1995] found
secondary reaction to occur only at temperatures above 450°C on HZSM-5, therefore

irreversible deactivation due to coking is not expected.

Although rapid deactivation of the catalyst was observed to occur in this reaction, this was

reversible and the catalyst could be completely regenerated. The initial drop in activity was
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therefore ascribed to the adsorption of cyclohexanol and a retarding effect of product water
by competitive adsorption [Karge et al., 1983]. The conversion then reaches a steady state.
The cyclohexanol and product cyclohexene molecules were reported not to be able to enter
the Mordenite pores, even though their dimensions are of the same magnitude. This
behaviour was attributed to the strongly adsorbed cyclohexene blocking these pores at the

pore mouth [Karge, 1983].

1.5.3 Isopropylation of naphthalene

2,6-dialkylnaphthalenes are useful in industry as monomers for the production of liquid
crystal polymers. However, it is difficult to obtain high selectivity towards 2,6-
dialkylnaphthalene in conventional industrial methods such as F riédel-Crafts Alkylation and
gas phase reaction over silica-alumina catalysts [Katayama, 1991]. During the
diisopropylation of naphthalene several diisopropylnaphthalene (DIPN) isomers are formed,
particularly the 2,7 isomer which is difficult to separate from the linear 2,6 isomer [Horsely,
1994], a process which is usually done by azeotropic distillation. The highest equilibrium
percentage of the 2,6 isomer among other DIPN isomers is about 39% with a 2,6/2,7 isomer

ratio of 1 [Horsely, 1994, Fellman, 1991].

The use of Mordenite, particularly with a high Si/Al ratio, as a shape selective catalyst for
the production of the 2,6-DIPN isomer has been reported by several authors. Improved
selectivity to 2,6-DIPN were noted up to 63% for dealuminated H-Mordenite and up to 73%

for a cerium modified dealuminated Mordenite [Sugi, 1994,].

The formation of the two isomers (2,6- and 2,7-DIPN) in the pores of Mordenite can be seen
in Figure 1.9. It can be seen from this representation that the structure of Mordenite would
favour the formation of the 2,6-DIPN isomer. Therefore increase selectivity to this product

can be expected due to shape selective effects.
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Figure 1.9. Space filling models of (a) 2,6-DIPN and (b) 2,7-DIPN in mordenite. {Horsely et al., 1994]

Shape selectivity towards a particular product can be a result of three general types of
phenomenon. Firstly, size exclusion can occur when reactants are prohibited from reacting
because their size restricts them from access to the catalyst surface or the size of their

products prohibits their return from the catalyst surface to the buik.

Secondly, when the reactant and product molecules are both able to diffuse through the
zeolite channel, the reaction intermediates can be spatially constrained by the zeolite
structure, this is referred to as spatiospecific or transition state shape selectivity. Thirdly,
diffusive selectivity can occur when reactant or product molecules are in the configurational
diffusion regime, described by Weisz [1973]. A small change in a molecule’s dimensions

can result in a large change in diffusivity as shown in Figure 1.10.
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Figure 1.10. Diffusivity and size of aperture (pore): regimes of diffusion. [Weisz, 1973]

This effect is observed in DIPN synthesis due to the steric differences in the 2,6 and 2,7
isomers where diffusive selectivity is seen to limit the production of the less linear 2,7
isomer. Horsely et al. [1994] showed, using a simulation on Biosym, that the 2,6 isomer

had a lower energy associated to its diffusion through the Mordenite channel than the 2,7

isomer (Figure 1.11).
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Figure 1.11. Minimum energy profiles for diffusion of (a) 2,6-DIPN and (b) 2,7-DIPN in mordenite.
[Horsely et al., 1994]
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Since small changes in the catalyst structure, particularly in its pore size, will result in a
marked effect on the catalyst’s selectivity in this reaction, it has been chosen as a suitable
reaction to probe changes in the shape selectivity of dealuminated Mordenite. However, it
must be noted that as shape selectivity only occurs in the catalyst’s pore structure any

external acidity would result in a reduction in the shape selectivity of the catalyst.

Sugi et al. [1994] have investigated the effect of acid site density and strength on the activity
of Mordenite for the alkylation of biphenyl. They observed an increase in coke formation
with dealumination whish was thought to be due to increased acid site density and acid

strength. A reduction in coke led to increased selectivity and yield to alkylated biphenyls.

Therefore the most shape selective catalyst is likely to be one with low external acidity,

minimal pore restrictions and low acid site density and strength.
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1.6 OBJECTIVES OF THIS RESEARCH

As has been outlined in the previous section, despite the attention this topic has received,
there is a significant lack of clarity on many issues related to the changes in the structure,
acidity and catalytic activity of Mordenite caused by dealumination. There are several
reasons for this. Firstly, the dealumination conditions used in various studies are usually not
equivalent to each other particularly in the case of steaming. Secondly, the use of Mordenite

from different sources could easily lead to different and conflicting results.

The objectives of this research were:

1. To conduct a systematic study of the effect of acid washing, steaming and steaming

followed by acid washing on a single batch of well characterised Mordenite;

2. To characterise the solid state properties of the samples thus modified with respect to: |
2.1 Aluminium removal from the framework (AA, ¥Si MAS NMR, ”’Al MAS NMR);
2.2 The creation of extra-framework species (®Si MAS NMR, Al MAS NMR);
2.3 Changes to catalyst morphology and structure (XRD, SEM, FTIR);

3. To characterise the acidity of the samples, with respect to:
3.1 Number of acid sites (TPD of ammonia, 'H MAS NMR);
3.2 Type of acid site (FTIR of adsorbed pyridine, 'H MAS NMR);
3.3 Strength of acid site (TPD of ammonia, FTIR of adsorbed pyridine);
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4. To characterise the catalytic properties of the dealuminated catalysts with respect to the:
4.1 Number and strength of active sites (Isobutane cracking);
4.2 Presence of active sites on the external surface of the catalyst crystallites
(Cyclohexanol dehydration);
-4.3 Relative activity of the internal and external surface sites of the catalyst

and its shape selective catalytic properties (Isopropylation of naphthalene);

5. To determine the method of treatment, viz. acid washing and steaming and combinations
thereof, which are conducive to the promotion of particular acid sites and of particular

catalytic properties.



CHAPTER TWO

EXPERIMENTAL METHODS
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2.1 CATALYST MODIFICATIONS
The catalyst used in this study was from a single batch of sodium-mordenite sample, Lot 299

(DEGUSSA KM 440), obtained from the Fritz-Haber Institute in Berlin.

2.1.1 Ion exchange
Sodium was exchanged using an excess of 2N ammonium nitrate solution stirred at 25°C for
12 hours. The catalyst was filtered out of the solution by vacuum filtration and washed with

deionized water before being dried at 80°C overnight.

2.1.2 Calcination

Samples were calcined by heating at 3°C/min to 550°C in a stainless steel reactor (shown
in Figure 2.1.) under a nitrogen atmosphere, at which stage air was passed over the catalyst
for 18 hours at 240 ml/min (Superﬁcial velocity of 200 cm.s'). The catalyst was then cooled
under nitrogen. "Deep bed" calcination took place using a catalyst bed depth of 150 mm (19

g0 as opposed to the normal bed depth of 25 mm (3.25 g_).

2.1.3 Steaming

The experimental rig used for steaming is shown in Figure 2.1. For hydrothermal treatment
the reactor was heated to 550°C at 5°C/min. Mild steaming was carried out using 190
ml/min of 230 torr steam in a nitrogen carrier gas (total pressure = 760 torr) passed over the
catalyst for 5 hours. Severe steaming was carried out using 190 ml/min of 1520 torr‘pure
steam (T,,= 120°C) for 30 hours. The catalyst was then cooled under nitrogen. This
resulted in six "parent” catalysts subsequently used in the acid washing studies, viz, fresh

sodium mordenite, mildly steamed sodium mordenite, deep and shallow bed calcined

hydrogen mordenite and mildly and severely steamed hydrogen mordenite.
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VENT

Ampoule sampler

Figure 2.1. Diagram of experimental rig used for hydrothermal treatments, isobutane cracking and
cyclohexanol dehydration.

2.1.4 Acid washing

Each acid wash was carried out using 3.5 g' of catalyst in 100 ml nitric acid with the
following concentrations: 0.001N, 0.01N, O.IN; IN, 2N, 5N and 10N. A wash with
deionized water was also carried out. The temperature was held constant at 70°C and the
slurry was stirred for four hours. Acid was removed by vacuum filtration and the catalyst

subsequently washed with 1 litre of deionised water before drying at 80°C for 12 hours.

2.1.5 Washing with ethylenediamine tetra-acetic acid (EDTA)
An EDTA wash was performed at 80°C for 7 hours on 5 g catalyst with 2 g EDTA in 200
ml deionized water. The EDTA was removed by vacuum filtration and washed with 5 litres

of deionised water before drying at 80°C for 12 hours.
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2.1.6 Referencing of catalyst samples

When referencing the catalysts in this thesis, the terminology NaS#.## or HSS#.## was used
(#.## being a number between 0 and 10). S stands for mild steaming and SS for severe
steaming and #.## represents the concentration of nitric acid used for washing. A complete |

table of all the samples used in this study and their reference codes is given in Table 2.1.

Table 2.1 Catalyst coding

Sample Treatment _

Na Untreated Na-MOR

Na0 Na-MOR washed with deionized water
Na# ## Na-MOR washed with # ##N nitric acid
NaS Na-MOR steamed

NaSo0 NaS washed with deionized water
NaS# ## NaS washed with ###N nitric acid

H Na-MOR ion exchanged and calcined
HO H washed with deionized water

H# ## H washed with # ##N nitric acid

CH Na-MOR ion exchanged and "deep bed" calcined
CHO CH washed with deionized water

CH# ## CH washed with ###N nitric acid

HE H-MOR washed with EDTA

HS H-MOR mildly steamed

HSO HS washed with deionized water

HS# ## HS washed with # ##N nitric acid

HSS H-MOR severely steamed

HSSO HSS washed with deionized water
HSS#.## HSS washed with # ##N nitric acid
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2.2 CATALYST CHARACTERISATION

2.2.1 Structural composition

2.2.1.1 Elemental analysis

Bulk chemical analyses were performed using a Varian SpectrAA-30 spectrometer with a DS
15 data stafion. 0.2 + 0.05 g of each sample was digested in 5 ml of 40% concentration
hydrofluoric acid at 100°C for 2 hours in teflon Parr bombs. 50 ml of boric acid was then
added and the solution made up to 500 ml with deionized water. Standard 100 ml solutions
of sodium, silicon and aluminium were made in the ranges 5 to 50 ppm, 50 to 275 ppm and
'5 to 50 ppm respectively using the base matrix of 1 ml hydrofluoric acid and 10 ml boric

acid.

2.2.1.2 Al and #Si MAS NMR

YAl and ¥Si MAS NMR spectroscopy was used to determine the coordination state of the
aluminium and the local environment of the silicon. Results were recorded using a Varian
Unity 400 spectrometer operating at 104 MHz and 79.5 MHz respectively. Spectra were
acquired using a 7 mm ZrO, rotor at ambient temperature. Typically flip angles of =50°

were used, with a 1 s pulse delay.

Spinning speeds of between 3-5 kHz and between 128 and 256 scans gave good results; In
all cases measurements were carried out at at least two spinning speeds to allow for the
identification of spinning sidebands. Where necessary a linebroadening factor of 25 - 100
Hz was applied. Al and #Si chemical shifts are quoted relative to external 1000 ppm
AI(NO,); solution or an aqueous solution of DSS (3-(trimethylsilyl)tetradeuterosodiﬁm

propionate), set to 0 ppm.
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2.2.1.3 X-ray diffraction

Percentage crystallinity and unit cell size was determined by X-ray diffraction (XRD). The
XRD spectra were obtained using a Phillips X-ray diffractometer with Cu-Ka radiation of
wavelength 1.54 A. The scan range used was 6° < 20 < 37° at a step size of 0.1°. A
sample washed with EDTA was found to have the most crystalline structure as measured by
the summed intensities of the (330), (150), (202), (350) and (511) reflections and was
assigned a crystallinity of 100%. Other samples were assigned percentage crystallinities
relative to this. Lattice constants a, b and ¢ were derived from the (200), (020) and (002)

reflections, respectively.

2.2.1.4 Infra-red spectroscopy
Infrared spectra of the samples were obtained on a Nicolet 5ZDX FTIR spectrometer using

KBr wafers that contained 10 wt% mordenite. The scanning range was 4000-400 cm™.

2.2.1.5 BET Micropore analysis ' R
Micropore volume and catalyst surface area were determined using a Micromeritics ASAP
2000. The sample was dried in situ at 350°C under vacuum. Nitrogen was then adsorbed

at liquid nitrogen temperatures at a rate of 3 ml per step until ambient pressure was reached.

2.2.1.6 Scanning electron microscopy
A Leica S440 scanning electron microscope was used to produce photographs of the catalyst
samples. Magnifications between 1 400 and 50 000 times were achieved operating at 15 kV

with a probe current of 10 pA.



48 CHAPTER 2. EXPERIMENTAL METHODS

2.2.2 Catalyst acidity

2.2.2.1 Temperature programmed desorption of ammonia

Number and strength of acid sites was measured by ammonia temperature prbgrammed
' desorption under flowing helium. 0.5 g of sample was loaded into a quartz cell and dried
at 500°C. i

Ammonia (2.5% in He) was adsorbed for 1 hour at 100°C and purged at the same
temperature for 24 hours to remove i)hysisorbed material before starting the temperature
ramp. A heating rate of 5°C/min was used from 100°C to 800°C. Desorbed ammonia was

measured by a TCD and checked by titration.
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Figure 2.2. Diagram of temperature programmed desorption rig
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2.2.2.2 FTIR spectroscopy of pyridine desorption
Infrared spectra of the samples were obtained on a Nicolet SZDX FTIR spectrometer. A 15
mg sample was pressed into self supporting wafer of 13 mm diameter at 17 tons pressure.

This was cut to the required 10 mm diameter and loaded into the cell shown in Fig 2.3.

The cell was evacuated to between 10~ and 107 bar using a rotary bump and an oil diffusion
pump. The sample was then dried at 400°C. Pyridine adsorption took place at 100°C for
30 min. The cell was evacuated for a further 45 minutes before spectra were taken. Spectra
were taken after desorption at 100, 200, 300, 400, 500, 600 and 700°C. The spectral range
was limited to 4000 - 1300 cm™ by the CaF, windows.
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Figure 2.3. Diagram of vacuum line and infra-red cell used for spectroscopy of pyridine adsorption.
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2.2.2.3 'H MAS NMR

Samples were dried at 400°C at a pressure below 0.01 Pa for 24 hours, cooled to room
temperature and sealed in fused glass ampoules. 'H MAS NMR measurements were made
on a Bruker MSL 300 spectrometer at the Unstitut fiir Technische Chemie I at the University
of Stuttgart. Home-made MAS equipment was used to spin the glass ampoules. This was -
carefully cleaned to prevent spurious proton signals. A Larmor frequency of 300 MHz, a
pulse length of 4 us for a #/2 pulse, a recycle delay of 10 s and a rotational frequency of
2500 +5 Hz were used.
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2.2.3 Determination of catalytic properties

2.2.3.1 Isobutane cracking

After the catalyst sample had been dried at 500°C for 16 hours under flowing nitrogen,
isobutane cracking was carried.out at 200 kPa and 450°C in the tubular plug flow reactor
shown in Figure 2.1. Diluted isobutane (5% in nitrogen) was fed via a mass flow controller
to the reactor at a WHSV of 1.8 h”. n-Hexane was used as an internal standard for mass
balance purposes. In all experiments reported, a carbon balance of greater than 95% was
obtained. Inline sampling for analysis was perfornied using the ampoule sampling technique

of Schulz et al. [1986].

Samples of product gas were taken by breaking the tip of a heated, evacuated glass ampoule
in the ampoule sampler (shown in Figure 2.1). Once the sample had entered the ampoule
the tip of the ampoule was the resealed using a spot flame. Analysis of the sample was then
performed in a gas chromatograph using a flame ionisation detector (FID). A Supelco Polar
4343 column was used to separate the gases. An example of the calculation of conversion

and selectivity from the raw data is shown in Appendix VII.

2.2.3.2 Cyclohexanol dehydration

Samples were dried at 400°C for 16 hours under flowing nitrogen before cyclohexanol
dehydration was performed at atmospheric pressure and 120°C in the reactor described in
Figure 2.1. Nitrogen, fed via a mass flow controller, was saturated with cyclohexanol at
80°C before being introduced to the reactor (WHSV = 1.5 h"). Dimethylether (DME) was
used as an internal standard and the ampoule sampling method was used in the analysis. The
sample was analysed in a gas chromatograph with FID and a 50 m Durabond capillary
column. The three detected peaks were the reactant cylcohexanol, product cyclohexene and
internal standard DME. Calculations of conversion were based on carbon content as water

cannot be detected by the FID.
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2.2.3.3 Naphthalene isopropylation

The propylation of naphthalene was carried out in both a batch reactor and a plug flow

reactor. The batch reaction was carried out in a 500 ml autoclave at 160°C. 5 g of"
naphthalene was diluted in 50 ml undecane and then propene was introduced to the autoclave

until the total pressure reached 10 bar. The reaction took place over 1 g of catalyst. Liquid

samples were taken with a syringe and injected into to a gas chromatograph. The

compounds were separated in a 50 m Durabond capillary column and analysed by an FID,

the solvent undecane was used as an internal standard.

The plug flow reaction was performed at 500 kPa and temperatures between 190°C and
300°C in the tubular reactor shown in Figure 2.4. Nitrogen introduced by a mass flow
controller was saturated with naphthalene at temperatures between 85°C and 120°C before
being introduced to the reactor. A propene gas feed was introduced via a mass flow
controller at a WHSV between 2.6 and 6.0 h'. Inline sampling was performed by the
ampoule sampling technique. The compounds were again separated in a 50 m Durabond

capillary column and analysed by an FID attached to the gas chromatograph.

i
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Figure 2.4. Diagram of experimental rig used to perform propylation of naphthalene
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3.1 PHYSICAL AND CHEMICAL CATALYST CHARACTERISATION

3.1.1 Comparison of characterisation with that of the Fritz-Haber Institute

The parent sample of Na-Mordenite was supplied by the Fritz-Haber Institute in Berlin from
synthesis batch Lot 299 (DEGUSSA KM 440). The sample was characterised at that
institute after synthesis. The results of that charactersiation are presented in Appendix XI.
These results compare well to the results of analysis methods used in this research. This

supports the validity of the results presented in the following sections.

3.1.2 Elemental analysis of samples

The chemical compositions of all samples were determined by atomic absorption and are
presented in Tables 3.1 to 3.3. Readings of the absorbance of each digested sample were
repeated three times as part of the experimental method and the repeatability of the
experiment was found to be within 0.5 ppm for silicon, 0.1 ppm for aluminium and 0.05
ppm for sodium. The reproducibility of the digestion method was tested with a sample Na-
Mordenite. Although differences in concentration of each constituent element were found,
these were within the repeatability of the experiment and corresponded well with the values

provided by the Fritz-Haber Institute, i.e. Si/Al = 6.42, Na/Al = 1.03.

The parent catalyst, Na-Mordenite (called Na) was found to have a bulk Si/Al of 6.4 and
every aluminium atom was balanced by a sodium atom. Washing this cataiyst with
deionised water and acid of concentration less than 0.1N had no significant effect upon the
bulk chemical composition. However, most of the sodium was removed with a 0.1N wash
together with a small amount of aluminium (Fig. 3.1). Aluminium and sodium were
removed in increasing quantities with increasing concentrations of nitric acid washes. After

a 10N acid wash 52% of the aluminium and 97% of the sodium had been removed.
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Table 3.1 Bulk chemical compositions of dealuminated Na-Mordenite samples as
determined by atomic absorption
Sample Si/Al Na/Al Sample Si/Al Na/Al
' Na 6.40 1.02 Nal0 14.5 0.07
Na0 6.45 1.02 NaS 6.40 1.04
Na0.001 6.50 1.03 NaS0 6.40 1.03
Na0.01 6.54 0.90 NaS0.01 6.47 0.94
| Na0.1 6.81 030 | NaSo0.1 6.51 0.30
Nal 7.12 0.15 NaSl 6.65 0.14
Na2 7.55 0.12 NaS2 6.96 0.12
Na$ 8.16 0.08 NaS5 8.26 0.02
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Figure 3.1 Bulk aluminium and sodium content for steamed and unsteamed Na-Mordenite as a
function of strength of acid wash

Steaming of Na-Mordenite (NaS) resulted in no change to the bulk chemical composition
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of the catalyst. Generally aluminium and sodium removal from NaS by acid washing

followed the same trend as their removal from the unsteamed Na (Fig. 3.1).

Table 3.2 Bulk chemical compositions of calcined and acid washed H-Mordenite

samples as determined by atomic absorption

Sample Si/Al Na/Al Sample Si/Al Na/Al
NH, 6.40 0.02 H5 8.13 0.01
H(400) 6.50 0.02 CH 6.40 0.02
H(550) 6.40 0.02 CHO 6.40 0.02
HO 6.40 0.02 CH0.001 6.52 0.02
HO0.001 6.52 0.02 CHO0.01 6.52 0.02
HO0.01 6.64 0.02 CHO.1 _ 6.72 0.02
HO.1 6.74 0.02 CH1 7.14 0.01
Hl 7.13 0.01 CH2 7.24 0.01
H2 7.24 0.01 HE 8.76 0.06
7.5

=
Unsteamed
*
2.5 Mildly Steamed
x
Severely Steamed

1/ unit cell

PR — - » ¥ e
PARENT ON 0.001N 0.01N -0.1N TN 2N 5N 10N
Strength of acid wash

s Figure 3.2 Bulk aluminium and sodiumn content of steamed and acid washed H-Mordenite compared
to strength of acid wash.
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Jon exchange procedures with ammonium nitrate removed 98% of the sodium without
affecting the Si/Al ratio and there was no significant loss of bulk aluminium during
subsequent calcination at 400 and 550°C. Washing of the H-Mordénite sample calcined at
550°C (H(550)) with deionised water did not change its bulk chemical composition.
Increasing acid wash concentrations showed a gradual removal of aluminium, 22% of the

bulk aluminium being removed with a 5N wash (Fig.3.2).

Table 3.3 Bulk chemical compositions of steamed and acid washed H-Mordenite

samples as determined by atomic absorption

Sample Si/Al Na/Al Sample Si/Al Na/Al
HS 6.41 0.02 HSS 6.40 0.03
HSO 6.41 0.02 HSS0 6.41 0.02
HS0.01 6.95 0.01 HSS0.01 6.57 0.02
HSO0.1 7.59 0.01 HSS0.1 7.55 0.03
HS1 8.64 0.00 HSS1 8.63 0.00
HS2 8.85 0.00 HSS2 8.82 0.00
HS5 26.87 0.00 HSS5 14.14 0.03
HS10 58.78 0.00 HSS10 17.60 0.00

Steaming of sample H(550) did not remove aluminium from the bulk (samples HS and
HSS). However, acid washing with 10N nitric acid removed up to 87% of the bulk
aluminium from mildly steamed H-Mordenite. Aluminium was removed in greater quantities

by acid washing from the bulk of steamed H-Mordenite than from unsteamed H-Mordenite

as shown in Figure 3.2.

3.1.3 X-ray diffraction

Figures 3.3 and 3.4 show the XRD patterns of H-Mordenite together with its simulated

pattern [van Ballmoos, 1984]. Although the two patterns show the same characteristic peaks
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and the same relative intensities of these peaks above 26=10°, a slight decrease in intensity
of the peaks below 26 = 10° compared to the simulated pattern was noted in all the XRD

patterns.
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Figure 3.3 Simulated x-ray diffraction pattern of Mordenite
[von Ballmoos, 1984]
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Figure 3.4 X-ray diffraction pattern of sample H(550)
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Decreased intensities of peaks in this region have been ascribed due to adsorbed water on
the crystal [Hardenberg ef al., 1992]. As the experimental system was open to the
atmosphere and an adsorption of water up to 15-17 wt% can be expected, this seems to be
a likely cause. Line broadening seen in Figure 3.4. is probably due to the small crystallite
size of the H-Mordenite sample [Klug and Alexander, 1974] and the step size of the
diffractometer (0.1°), which is broader than some of the peaks in the simulated pattern. The
pattern, however, appears almost identical to that of a standard sample of Mordenite

[Szostak, 1992].

Percentage crystallinity was assigned relative to a sample washed with EDTA (HE), which
was found to have the most crystalline structure of all the samples used, as measured by the
sum of the intensities of the (330), (150), (202), (350) and (511) reflections [van Hooff and
Roelofsen, 1991; van Niekerk, 1992, Hardenberg et al., 1992]. '

The intensities and d-spacings of all major peaks of all samples are presented in Appendix
I. Calculated unit cell constants and percentage crystallinities of dealuminated sodium
Mordenite samples are presented in Table 3.4. Samples Na,, Na, and Na, refer to repeated
experiments on Na-Mordenite to establish if errors created during sample loading were
significant. The similarity in the calculated unit cell constants and percentagé crystallinities

indicates that these errors are small and that the experiment is reproducible.

The parent catalyst Na-Mordenite (Fig 3;5) was not fully crystalline and was assigned a
percentage crystallinity of 75%. The unit cell constants compared well with literature values
of a=18.13, b =20.49 and ¢ = 7.52 [Meier, 1961; Karge and Weitkamp, 1986]. Percentage
crystallibnity of the s'odium form increased from 78 % after the 0.IN wash to a maximum of
96% after a 2N acid wash. A SN wash resulted in a catalyst with a greatly reduced

crystallinity of 60%. As expected all unit cell constants decreased with acid washing.
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Table 3.4 Percentage crystallinities and unit cell constants, determined by XRD, of
Na-Mordenite samples dealuminted by acid washing, steaming and steaming followed

by acid washing

Sample Crystallinity a b c
% A A A
Na, 75.0 18.12 20.51 7.525
Na, 75.2 18.14 20.52 7.524
Na, 75.3 18.13 20.53 7.524
Na0 75.8 18.22 20.60 7.550
Na0.001 76.1 18.19 20.56 7.537
Na0.01 81.7 18.22 20.52 7.537
Na0.1 77.6 18.28 20.56 = 7.544
Nal 86.5 18.18 20.45 7.522
Na2 95.7 18.19 20.42 7.508
Na5s 60.3 19.28 20.51 7.528
NaS 68.1 18.07 20.37 7.506
NaSo0 65.2 18.16 20.56 7.537
NaS0.01 69.1 18.13 20.54 7.528
NaS0.1 75.8 18.15 20.49 7.515
NaS1 74.8 18.16 20.44 7.512
NaS2 83.0 18.33 20.53 7.557

L i

1 Y
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Figure 3.5 X-ray diffraction pattern of sample Na
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Steaming of Na-Mordenite (NaS) resulted in decreased crystallinity (68%) and unit cell size.
Washing Na$S in deionized water virtually restored the unit cell to its former dimensions.
2N acid washing of NaS (NaS2) increased the crystallinity of the material to 83%.

Table 3.5 shows that ion exchange led to an increase in percentage crystallinity from 77%
to 84%. This was ascribed to the removal of amorphous material. The unit cell was

reduced in the a and ¢ directions, while it remained constant in the b direction.

The deep bed calcined catalyst (CH) had a smaller unit cell size and increased percentage
crystallinity compared to that calcined under standard conditions, viz. H(550) (Table 3.5).
The XRD patterns of deep and shallow bed calcined Mordenite samples are shown in Figure
3.6 and 3.4 respectively. Washing of the H-Mordenite sample deep bed calcined at 550°C
(CH) with deionised water increased its relative crystallinity to 99% without changing bulk

chemical composition or unit cell size.

Table 3.5 Percentage crystallinities and unit cell constants of acid washed H-

Mordenite samples as determined by XRD

Sample Crystallinity a b c
% A A A
NH, 83.6 18.21 20.53 7.524
H(550) 843 18.20 20.52 7.528
HO 84.6 18.19 20.47 7.512
H0.001 98.4 18.19 2042 7.508
H0.01 90.1 . 1819 20.44 7.493
HO.1 88.3 18.19 20.44 7.493
Hl 76.6 18.17 2.044 7.493
H2 75.6 18.17 2042 7.493
HS5 71.4 18.19 20.42 7.508
H10 704 18.19 20.44 7.508
HE 100.0 18.19 20.42 7.508
CH 85.7 18.03 20.37 7.493
CHO 98.8 18.12 20.42 7.493
CHO0.001 97.6 18.19 20.40 7.493
CHO0.01 96.4 18.19 20.41 7.508
CHO.1 82.3 18.19 2043 7.493
CH1 822 18.17 20.43 7.493
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Acid washing of all H-Mordenite samples with 0.01N led to increased percentage
crystallinities, indicative of the removal of amorphous material. Unit cell constants
decreased slightly in the case of shallow bed calcined H(550) but increased in the a and b

directions in the case of deep bed calcined CH.
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Figure 3.6 X-ray diffraction pattern of sample CH
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Figure 3.7 X-ray diffraction pattern of sample HS
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After 0.1N acid wash the structure of both calcined samples were equivalent in terms of unit
cell dimensions. Percentage crystallinity decreased with stronger acid washing as did the

unit cell size slightly in the a and b directions..

Table 3.6 Percentage crystallinities and unit cell constants of acid washed steamed

H-Mordenite samples as determined by XRD

Sample Crystallinity a b ¢
% A A A
HS 84.9 18.19 20.52 7.524
HS0 84.6 18.19 20.50 7.508
HS0.01 77.2 18.19 20.50 7.508
HSO0.1 79.3 18.19 2049 7.508
HS1 74.4 18.19 20.48 7.508
HS2 ‘ 88.8 18.12 2042 7493
HSS 70.3 18.17 2042 7.493
HSS0 76.6 18.10 2042 7.477
HSSO0.1 75.7 18.10 2033 7.477
HSS1 74.3 18.10 20.33 7.477
HSS2 704 18.10 2033 7.477
HSS5 78.7 18.10 20.33 7.477

The percentage crystallinity decreased with severe steaming, while unit cell constants
remained unchanged. Subsequent acid washing of both mildly and severely steamed samples
(HS and HSS in Figures 3.8 and 3.9 respectively) showed gradual decreases in percentage
crystallinity for mild acid washing (64% and 70% for HS1 and HSS2) followed by an
increase for stronger acid washes (89% and 79% for HS2 and HSS5). Unit cell dimensions
of mildly steamed Mordenite decreased in the b and ¢ directions with acid washing, but there

was no change in the case of severely steamed Mordenite.
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a combination of chemical analysis and ”’Al NMR as shown in Table 3.8.

Table 3.8 Comparison of framework aluminium content determined by *’Si MAS

NMR and by chemical analysis with Al MAS NMR.

Al NMR and Elemental analysis [Al/uc)

Chemical analysis “Si NMR
with Al NMR Si(0AD)  Si(1AD)  Si(2Al)
SI/Al,  Aljuc | -114 -107 97 Si/Al,  Alduc
Na 6.4 6.5 46 46 9 6.3 6.5
Na2 94 4.6 57 43 0 9.4 4.6
NaS 15.5 2.9 70 30 0 13.4 33
HO 8.2 5.2 57 36 7 8.1 53
HO0.001 8.7 49 60 33 6 8.6 5.0
CH 7.7 5.5 56 38 5 82 5.2
CHO0.01 8.9 49 60 35 5 8.8 49
HE 9.2 4.7 88 74 0 8.8 49
HSO0 10.8 4.1 72 19 9 10.9 4.0
HS0.01 10.8 4.1 72 22 7 11.3 3.9
HSO0.1 11.6 3.8 70 26 4 11.6 38
HS10 79.0 0.6 164 12 0 58.7 0.8
HSS 42.6 1.1 93 7 1 47.1 1.0
7
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Figure 3.17 Framework aluminium content determined by ”Si MAS NMR as a
function of framework aluminium content determined by Al MAS NMR and

elemental analysis
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The chemical shift of this peak suggests that it could possibly be due either to a AI(OH),”
anion [Freude et al., 1985] or a tetrahedral aluminium species linked to another aluminium
via an oxygen atom [Akitt, 1989]. However, since the exact species of this extra-framework

species has not been identified, it is referred to as EFAI-x.

3.1.6.2 Correction for quadrupole moment

The *’Al nucleus has a spin of %/, and as this is greater than '/, its MAS NMR spectra is
affected by the nuclear quadrupole moment of the aluminium atom. This raises
complications due to electrical interactions between the nuclear quadrupole moment of the

aluminium nucleus (eQ) and the electric field gradient (eq) at the site of the nucleus.

The quadrupole interaction is described in terms of the asymmetry parameter n and the
quadrupole coupling constant e’qQ/h (or the related quadrupole frequency v, =
(3/20)(e*qQ/h) ), which can be large in many cases, even in the MHz range, and may exceed
any chemical shift or dipolar interaction of the Al nucleus. All transitions except for the
central +'/, & -/, transition are subject to first order quadrupole interactions which are

proportional to €’qQ/h and depend on the orientation of the electric field gradient tensor with
respect to the magnetic field. However, in randomly packed powder samples, these
transitions are spread over the whole range of possible frequencies and are therefore

normally too broad to be observed.

In contrast, the central +'/, < -/, transition is not affected by these first order interactions
and is usually the only transition observed in powder spectroscopy. It is however affected
by much smaller second order interactions, which cause frequency shifts and line broadening.
The second order quadrupole linewidth can be strongly reduced by high magnetic fields and
by spinning the sample at the magic angle (=54.74°). Also, to ensure quantitative excitation
of the spin system the radio frequency (RF) pulse should be less than #/6 for the 5/2 spin
of 7Al.
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Table 3.9 Amount of each aluminium species per unit cell in acid washed Na and

Na$S samples

Sample Al; EFAl-o EFAl-x EFAIl-t or Al-p  Total Al
Na 6.5 - - - 6.5
Na0 6.4 - - - 6.4
Na0.001 6.4 - - - 6.4
Na0.01 6.2 0.1 0.1 - 6.4
Na0.1 54 0.6 0.1 - 6.1
Nal 5.0 08 0.2 - 59
Na2 4.5 0.9 0.2 - 5.6
Na5$ 4.1 1.0 02 - 52
Nal0 2.4 0.6 0.1 - 3.1
NaS 4.7 1.0 0.0 08 6.5
NaS2 49 1.1 0.0 - 6.0

The shape of the peak corresponding to this species appeared to possess a shoulder at -5 ppm
in all cases. This indicates that more than one form of the octahedral species was present.
Also a small amount of EFAI-x shown by a peak at 100 ppm was formed in all samples

which showed framework dealumination.

Table 3.10 Amount of each aluminium species per unit cell in acid washed H-Mordenite samples

Sample Al; EFAl-o EFAl-x EFAI-t or Al-p Total Al
NH, 6.5 - - - 6.5
H(400) 5.5 0.7 0.2 - 6.4
H(550) 5.4 0.8 0.2 - 6.5
HO 5.1 1.2 0.2 - 6.5
H0.01 4.7 1.3 03 - 6.3
HO.1 4.8 1.0 04 - 6.2
H1 4.8 0.9 0.2 - 59
H2 4.6 1.1 0.2 - 5.8
HS 43 0.8 0.1 - 53
HE 4.7 0.2 - - 49

As shown in Table 3.10, calcination of the ion-exchanged NH,-Mordenite resulted in the
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production of EFAI, which increased slightly with increasing temperature. Washing with
deionised water increased the amount of octahedral EFAI relative to calcined H-Mordenite,

but no aluminium was removed from the bulk.

A maximum number of extra-framework aluminium species was attained after a 0.01 N
wash. As the acid strength of the washes increased from 0.01N to 1N acid, the framework
aluminium content remained constant while extra-framework species were removed.

Thereafter framework aluminium was once more removed.

Deep bed calcination produced a catalyst which is identical to the shallow bed calcined
sample with respect to the ”Al MAS NMR spectra. The production of EFAl-o and removal
of Al; corresponded well with that observed in acid washing of shallow bed calcined
Mordenite washed with the same concentrations of nitric acid.. A wash in deionized water
increased EFAl-o content and reduced the amount of tetrahedral aluminium. Samples
washed with acid concentrations varying between 0.001 and 1IN acid all possessed the same

amount of framework aluminium. The amount of EFAl-o produced was at a maximum after

a 0.001 N acid wash.

Table 3.11 Amount of each aluminium species per unit cell in deep bed calcined and

acid washed H-Mordenite samples

Sample Al; EFAl-o EFAl-x EFAl-t or Al-p  Total Al
CH 5.4 0.8 0.2 - 6.5
CHO 5.1 1.2 0.2 - 6.5
CHO0.001 4.8 1.5 0.1 - 6.4
CHO0.01 4.8 1.3 0.3 - 6.4
CHI1 4.8 0.9 0.2 - 5.9

Steaming of Mordenite had three major influences on the ?Al NMR spectra. Firstly the
spectra generally showed broader resonances with decreased signal to noise ratios for spectra

acquired for the same time. This phenomenon is reproducible and does not feature in other
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spectra. Secondly, the shoulder to the 55 ppm peak, assigned to extra-framework tetrahedral
aluminium (EFAI-t) with some possible contribution by penta-coordinated aluminium (Al-p),
became distinctly apparent. The peak previously described at 0 ppm was present, but is
broader than that seen in acid washed samples. This could be as a result of a change in the

species attached to the central aluminium atom producing variations in peak positions.

Table 3.12 Amount of each aluminium species per unit cell in steamed and acid

washed H-Mordenite samples

Sample Al; EFAl-o EFAl-x EFAl-t or Al-p  Total Al
HS 3.6 1.4 02 1.3 6.5
HSO0 39 1.3 0.4 0.8 6.5
HS0.01 39 1.1 0.1 1.0 6.0
HSO0.1 3.7 1.1 0.3 0.6 5.6
HS1 33 1.1 0.0 0.5 5.0
HS2 33 0.9 0.3 04 49
HS10 0.6 0.1 0.1 - 0.8
HSS 1.0 1.1 1.9 24 6.5
HSSO0 1.0 1.4 1.9 2.1 6.5
HSS10 09 1.5 1.0 1.5 4.9

Washing the steamed samples with deionised water had the effect of removing tetrahedral
aluminium from the framework and producing octahedral aluminium species (Table 3.12).
Thereafter, with subsequent increases in the strength of the acid wash, tetrahedral EFAl was
consistently removed from the bulk while the octahedral aluminium content remained
relatively constant. There were changes to the shape of the octahedral peak with acid
washing, the peak becoming more defined and assuming a shape similar to that appearing
in acid washed Mordenite (H0.01 compared to HS0.1). Framework aluminium was removed

to a greater extent than the octahedral species.

A more severe steaming of H-Mordenite showed an increase in the occurrence of EFAI

peaks already observed after mild steaming, in particular the peak at 30 ppm. Also of note
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is the reproducible peak shift of the octahedral species to 5 ppm thus indicating the presence
of a different octahedral species to those noted in unsteamed samples. Also significant in

this spectrum was the small peak at a chemical shift of 95-105 ppm (Al-x).

3.1.7 Infra-red spectroscopy

3.1.7.1 Peak assignments

Figures 3.21 and 3.22 show spectra representing a range of dealumination techniques. The
dominant feature of the 1300 - 400 cm™' region is the asymmetric T-O stretching band (v,)
at 1040 cm™ (identified as peak "a"). This has been reported to shift to higher wavenumbers
with increasing dealumination [Ha et al., 1978; Musa et al., 1987; Loeffler et al., 1988;
Chumbale ef al., 1992]. The same trend was noted for the 620 - 630 cm™ band (e), which
has been assigned to vibrations in single 4-rings [Flanigen, 1976], alternating SiO, and AlO,
tetrahedra [Ha ef al., 1978] and, more recently, to isolated AlO, tetrahedra in single 4-rings
[van Geem et al., 1988; van Niekerk et al., 1992,]. The decreasing intensity of the broad
700 - 730 cm™ band (d) has also been reported to be due to the removal of aluminium and

it has been assigned to framework AlO, tetrahedra [Chumbale et al., 1992].

A shoulder to the v, band, at 920 - 950 cm™ (b), has been observed to form in some acid
washed samples [Dunken and Stephanowitz, 1983; Beyer et al., 1984; Fejes et al., 1985;
Musa ef al., 1987; van Niekerk et al., 1992]. This band has been attributed to a hydroxyl
nest which is formed during aluminium removal by hydrolysis or to opened rings [Beyer et
al., 1984]. It has also been attributed to new Si-O lattice bonds, characterised by irregular
bond lengths and angles, formed during dealumination, but is still characteristic of the empty
nests in the zeolite structure [Fejes et al., 1985]. Musa et al. [1987] agree with the
assignation of Fejes et al. and noted that disappearance of this shoulder after steam treatment
indicating ring closure. This is consistent with the results of van Niekerk et al. [1992,]

where a relationship was seen between the area of this band and the amount of aluminium
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removed from the Mordenite framework during dealumination.
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Figure 3.21 Infrared spectra of hydrothermally treated samples: Na, NaS, H(550), CH, HS, HSS

The band at 820 cm(c) has been assigned to the 0,Si-O-SiO; bond which is formed after
dehydroxylation of the hydroxyl nest [Ha et al., 1978; Chumbale et al., 1992]. Two bands
at 560 and 580 cm™ have been attributed to the two different types of pentasil building

blocks present in Mordenite [Jansen et al., 1984].

3.1.7.2 The effect of dealumination on the infrared spectra of Mordenite
The series of infrared spectra of all samples in the range from 1350 to 400 cm™ is presented

in Appendix IV. Spectra selected to represent hydrothermal treatment and acid washing are
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shown in Figures 3.21 and 3.22 respectively. Figure 3.21 shows the effects of calcination
and steaming of the sodium and hydrogen forms of the catalysts. Although steaming of the
sodium form of the catalyst did not appear to have a significant effect on the spectra, the
same cannot be said of the hydrogen form. A shift of the 1040 cm™ (a) and 620 - 630 cm
(e) bands to higher wavenumbers was seen after steam treatments and is consistent with

framework dealumination [Jacobs ef al., 1993].

The band at 700 - 730 cm™ (d) was not seen to decrease, as expected with framework
dealumination[Chunbale et al., 1992], but rather increased as the spectra became more
defined. The increased definition is consistent, however, with a more structured framework
as a result of rearrangements made possible during steaming [Chumbale ef al., 1992]. The

separation of the 560 and 580 cm™' bands (f) is seen as added evidence of this.

H2S

HSS10

HS2

CH2
H2
NaS2

Na2
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Figure 3.22 Infrared spectra of acid washed samples: Na2, NaS2, H2, CH2, HS2, HSS10
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No shoulder to the v, band was observed indicating that any nests created by dealumination
were removed by thermal treatments [Musa ef al., 1987]. This is supported by the increase
in the band at 820 cm™ (c). Although a broad band was observed after both deep bed
calcination and steaming in the 760 - 790 cm™ region, this could not be assigned to a

particular vibration.

Acid washing of all samples produced spectra with similar features as seen in Figure 3.22.
The v,, moved to higher wavelengths (e.g. from 1047 cm™ for Na to 1059 cm™ for Na2 and
from 1049 cm for H(550) to 1066 cm™ for H2) as did the bands at = 630 cm™ (629 to 633
cm’ and 627 to 632 cm’ for the same samples) once again indicating framework
dealumination. This effect was however less pronounced in the case of steamed samples

(e.g. 1071 to 1074 cm™ and 644 to 645 cm™ for HS and HS2).

A decrease in the intensity of the band at 720 cm™ was also seen. A shoulder to the v, band
(b) was formed in all cases, but to a lesser extent in the steamed samples. This shoulder was
removed and the band at 820 cm™ increased upon steaming (e.g. steaming of H2 to produce
H2S) as expected [Musa et al., 1987] due to the dehydration of the hydroxyl nest. In
general the spectra lost definition, particularly with respect to the 580 and 560 cm™ bands
which is consistent with a loss in framework symmetry. The broad band formed during

hydrothermal treatment at 760 - 790 cm™ was removed by acid washing.
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where, o

particle surface area (3.6x10° cm?/g)

heating rate (0.083 K/s)

bed dispersion coefficient (3.8 cm?/s at 750 K and 0.73 at 298 K)
particle diffusion coefficient (=1x107° cm%s)

bed porosity (0.3)

particle porosity (0.28)

(RT/27M)'? (23722 c/s)

bed length (0.5 cm)

molar mass (17.03 g/mol)

number of particles in the bed (=2x10"" assuming spherical particles)
particle density (1.52 g/cm’ from He picnometry and BET)
carrier gas flowrate (1.35 cm?/s)

radius of particles (max. 1.5x10™ c¢m)

ideal gas constant (83140 g cm*/mol s* K)

sticking coefficient (1x107)

temperature (373 to 1073 K)

final temperature (1073 K)

initial temperature (373 K)

bed volume (1.4 cm?)

Bed porosities or voidages have been calculated using data from BET analysis and helium

pycnometry. Particle diffusion coefficients at 200-293 K for water in ZK4, 5A and 4A,
methane in NaX and HZSM-5 (4x10°, 3x10°¢, 1x10, 3x10* and 2x10”° cm?/s respectively)

[Karger and Ruthven, 1992] were used to approximate an order of magnitude of the actual

diffusion coefficient.

The sticking coefficient has been determined using the equation s = A exp(-E,/RT), where

A has been taken as 0.15x10°® [Karge and Dondur, 1990] and heats of desorption in the range

of 130 to 160 kJ/mol [Sawa ef al., 1990]. Using these values, s was then calculated to be
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1x107,

All the dimensionless groups apart from group numbers five and six are within the suggested
constraints as can be seen from comparison of the calculated value and the reqirements list
in Table 3.13. This suggests that the lag times resulting from pore diffusion (group two) and
the sample cell (group one) were negligible and concentration gradients in the pores (group

three) and bed (group four) were not significant.

Readsorption will influence the TPD results (groups four and five), but this is due to the
nature of the zeolite rather than the experimental setup. Since Ng, = 6 and D /ul = 5x10™
plug flow is indicated and therefore peak broadening and distortion resulting from flow

dispersion between the cell and the thermal conductivity detector are negligible.

The response curves, shown in Appendix V, consisted of two main features similar to those
seen by other researchers [Mirodatos and Barthomeuf, 1981; Hidalgo er al., 1984; Karge and
Dondur, 1990; Stach ef al., 1992]. There was a sharp peak at ~250°C referred to as the low
temperature desorption (LTD) peak followed by a broader peak in the 500-550°C range
referred to as the high temperature desorption (HTD) peak. The low temperature desorption
peak (LTD) has not been ascribed to physisorbed ammonia as it did not decrease even after

a 60 hour desorption in flowing helium as shown in Figure 3.23.

This Figure also shows the reproducibility of the experiment. Two different samples of
steamed H-Mordenite were used to generate these two response curves. The difference in
measured acidity was 0.02 mmol.g”'. The number of acid sites determined by the response
curves of each TPD experiment was checked by dissolving the desorbed ammonia in
sulphuric acid and titrating with sodium hydroxide. The difference between the two results

was below 0.02 mmol of ammonia in all experiments.
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Ammonia Desorption

100 200 300 400 500 600 700 800 isothermal
Temperature [C]

Figure 3.23 Effect of increase desorption time on the temperature programmed desorption
response curve of sample HS.

3.2.1.1 Deconvolution of response curve

As the HTD peak was seen to contain up to three types of acid sites , the response curves
were deconvoluted into four peaks and assigned to weak Lewis, weak and strong Brénsted
and strong Lewis in increasing temperature of desorption [Karge and Dondur, 1990]. A

typical example of this deconvolution is shown in Figure 3.24.

Assuming parallel and independent desorption processes, a first order rate of desorption and
using a distribution of desorption energies described by P(E), the rate of desorption from a

particular site, S, is given by the following equation [Karge and Dondur, 1990]:
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Emin
E
n

do
(% -9 [ P(E A exp(-
(dt)ﬂ nEf ( n fle ( RT

)E,

A gaussian function was found to define P(E,) adequately by Karge and Dondur [1990].
This distribution function was therefore used to deconvolute the response curves. In order
to simplify the solution so that it could be found using available software, it was reasoned
that if each desorption energy was related singularly to a desorption temperature, the

gaussian function could be written in terms of temperature.

Ammonia desorptior

Temperature [C]

Figure 3.24 TPD response curve of shallow bed calcined H-MOR (sample H(550)) showing
deconvolution results.

This new function was tested on the TPD results as shown in Figures 3.24 and 3.25 where
the fit can be seen to be very good. Deviations from experimental data were mainly at high

temperatures where it is possible that dehydroxylation has led to water molecules in the TPD
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cell outlet, resulting in increased TCD readings.

] Weak Lewis

Strong Bronsted

Strong Lewis

Ammonia desorption

Woeak Bronsted
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T

Figure 3.25 TPD response curve of deep bed calcined H-MOR (sample CH) showing deconvolution
results.

3.2.1.2 Effect of dealumination of the TPD response curve of Mordenite

The acid amounts (mmol NH,/g_) determined from the deconvolution procedure and the
desorption peak temperatures are shown in Tables 3.14 to 3.17. Some response curves
typical of different dealumination techniques are shown in Figures 3.26 to 3.29 and the full

set of response curves are presented in Appendix V.
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Figure 3.26 TPD response curve of sample Nal
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Figure 3.27 TPD response curve of sample H5
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Figure 3.28 TPD response curve of sample HS1
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Figure 3.29 TPD response curve of sample HSS
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Table 3.15 Acid amounts (mmol.g") and desorption temperatures determined by
deconvolution of TPD spectra for acid washed H(550) samples (Peaks assigned
according to Karge and Dondur [1990])

Weak Lewis Weak Bronsted Strong Brénsted Strong Lewis

Sample Amount Tmax Amount Tmax Amount Tmax Amount Tmax

mmol/g °C mmol/g °C mmol/g °C mmol/g °C
H(550) 0.20 240 022 350 1.15 530 0.17 760
HO 0.35 240 0.18 360 1.19 540 0.20 750
HO0.01 0.41 240 0.16 355 1.08 540 0.23 755
HO.1 0.33 240 0.49 450 0.95 540 0.08 760
H1 0.27 240 0.29 455 1.11 575 0.06 760
H2 0.25 240 0.26 430 1.02 575 0.09 760
H5 0.22 235 0.21 355 0.85 575 0.12 750
HE 0.11 225 0.17 300 1.18 540 0.33 750

Increased strong acidity was found in deep bed calcined H-Mordenite (CH) as evidenced by
increased desorption of ammonia (Fig. 3.29 and Table 3.16). Comparison between the
response curves of deep and shallow bed calcined Mordenite CH and H(550) shows that the
increased desorption occurs at temperatures around 600°C. Although there was no decrease
in Bronsted acidity this effect is similar to that seen by Mirodatos and Barthomeuf [1981]

for mildly steamed H-Mordenite.

Table 3.16 Acid amounts (mmol.g") and desorption temperatures determined by
deconvolution of TPD spectra for acid washed CH samples (Peaks assigned according

to Karge and Dondur [1990])

Weak Lewis Weak Bronsted Strong Brénsted Strong Lewis
Sample Amount Tmax Amount Tmax Amount Tmax Amount Tmax
mmol/g °C mmol/g °C mmol/g °C mmol/g °C
CH 0.36 255 0.16 325 1.37 550 0.36 770
CHO 0.39 240 0.16 360 1.19 540 0.20 750
CHO0.001 0.40 240 0.17 360 1.18 540 0.19 750
CHO0.01 0.40 240 0.21 360 1.13 540 0.13 755
CHO.1 0.34 220 0.26 450 1.17 590 0.09 780
CHI1 0.27 240 0.31 460 1.09 575 0.07 760
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Mild steaming caused a large drop in the amount of both Lewis and Bronsted acid sites (see,

for example, H(550) and HS), although an increase in Bronsted acid strength as determined
by the peak temperature was observed. Although an apparent modulation, which was
reproducible, can be seen in the response curves of all steamed samples washed with acid
below 0.IN strength (for example sample HS in Figure 3.23), no explanation for this
phenomenon can be offered at this time. Increasing the acid wash concentration to 0.1N
resulted in an increase in the amount of Bronsted acid sites.

Bronsted acid sites decreased with increasing concentration of acid wash, the weak Lewis

acidity remaining largely unaffected.

Thereafter the amount of

Table 3.17 Acid amounts (mmol.g") and desorption temperatures determined by

deconvolution of TPD spectra for acid washed steamed H-Mordenite samples (Peaks

assigned according to Karge and Dondur [1990])

Weak Lewis Weak Bronsted Strong Bronsted Strong Lewis
Sample Amount Tmax Amount Tmax Amount Tmax Amount Tmax
mmol/g °C mmol/g °C mmol/g °C mmol/g °C
HS 0.33 245 0.24 380 0.57 645 0.09 765
HS0 0.26 240 0.23 355 0.69 635 0.01 765
HS0.01 0.28 245 0.21 365 0.75 640 0.01 770
HS0.1 0.29 250 0.20 370 0.80 655 0.04 770
HSI1 0.17 265 0.21 370 0.75 645 0.02 770
HS2 0.15 265 0.21 370 0.59 640 0.01 765
HS5 0.02 265 0.08 390 0.31 555 0.23 760
HS10 0.09 430 - - 0.18 620 - -
HSS 0.07 300 0.16 430 0.10 675 0.07 755
HSS0 0.04 310 0.26 390 0.01 640 0.07 720
HSS10 0.01 300 0.36 400 0.01 690 0.00 720

Severe steaming of H-Mordenite resulted in a decrease in number of acid sites that was not

restored by subsequent acid washing.
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3.2.2 Infra-red spectroscopy of adsorbed pyridine

The infrared results are presented in this section in two ways. One representation shows the
actual spectra, the other shows plots of the concentration of the adsorbed species versus
temperature. All spectra were recorded in the absorbance mode and thus the parameter
indicating band intensities in the plots is a measure of the concentration of the molecular

group absorbing energy at that particular frequency.

These concentrations can be reported in two ways. Firstly, as absorbance per gram which
represents the true optical density of the absorption bands in absorbance units divided by the
mass of catalyst. Secondly, as millimoles of pyridine adsorbed per gram of catalyst. The
second method takes into account the difference in extinction coefficients of the different

adsorbed species. This method uses the Beer-Lambert Law:

1
A =log(—I‘1)a =ecD

Where A = absorbance in cm™
1/7), = ratio of reference beam to sample beam transmittance as
measured with a spectrometer set at wavenumber o.
c = concentration of adsorbate expressed as moles/dm’
€ = molar extinction coefficient
D = thickness of wafer

to evaluate the data. Although this method has limitations with relatively aluminous zeolites
(SI/Al < 4) [Makarova ef al., 1995] it is applicable in the case of Mordenite [Emeis, 1993].
Values for the integrated molecular extinction coefficients have been reported by a number
of authors [Hughes and White, 1967, Stock et al., 1984; Datka et al., 1992; Emeis, 1993]
and are shown in Table 3.18. A factor of 0.4343 used by Hughes and White to convert the
apparent integrated absorption intensity to the intensity used in their calculations. The

adjustment of the coefficients (from 3.03, 3.26 and 3.88 to 1.31, 1.41 and 1.68) has been
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where C = concentration [mmol/g_,]
W = weight of disk [mg]
For Bronsted sites: C; = 0.0188 Ay/W
and Lewis sites C.=0.0142 A;/W

3.2.2.1 Peak assignments
Bands of adsorption have been assigned to physisorbed pyridine (Py), hydrogen bonded
pyridine (HPy), pyridinium ion (BPy) and co-ordinately bonded pyridine (LPy) species, as

well as to structural hydroxyl groups according to Table 3.19.

Table 3.19 Peak assignments for pyridine adsorbed on Mordenite

Wavenumber Assignment Reference

1440 Py [Parrillo et al., 1990]
1445 HPy [Parry, 1963]
1450 LPy [Parry, 1963]
1462 LPy [Cannings, 1968]
1485 BPy,LPy HPy [Parry, 1963]

1540-1550 BPy [Parry, 1963; Lefrancois and Malbois, 1971]
1580 LPy [Miller et al., 1992]
1590 HPy,BPy [Parry, 1963, Lefrancois and Malbois, 1971]
1620 BPy,LPy [Lefrancois and Malbois, 1971]
1635 BPy [Parry, 1963]

HPy has been predominantly seen in highly cationated samples and has thus been assigned
to pyridine associated with a cation [Lefrancois and Malbois, 1971]. The peaks which were
used in this work are those at 1545 cm™', 1462 cm™, 1450 cm™ and 1445 cm™. They were
chosen as they are bands which are easily identifiable and do not overlap with other

adsorption bands in the region. They represent pyridine associated with Bronsted acid sites,
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strong Lewis acid sites, Lewis acid sites and cations respectively [Ghosh and Curthoys,

1983,]

3.2.2.2 Analysis of the acidity of dealuminated Mordenite

Spectra recorded after pyridine was adsorbed onto samples at 100 °C are shown in Figure
3.30. All samples showed Bronsted acidity except for Na-Mordenite, which showed a large
amount of pyridine adsorbed on cations at 1445 cm™. The peak at 1445 cm™ does not appear
in sample Na0.1 and the 0.1N nitric acid wash appears to have removed these cations. A

small amount of Lewis acidity also appears at 1450 cm™ after acid washing of Na-Mordenite

(Na0.1).

HS1

HS
CHO
CH
H2

H(550)
Na0.1

Na

— T
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Figure 3.30 Infrared spectra of samples Na, Na0.1, H(550), CH, CHO, H2, HS, HS1 and HSS with
pyridine adsorbed at 373 K

The calcination both shallow and deep beds to produce H-Mordenite, namely H(550) and
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CH, resulted peaks at both 1450 and 1462 cm indicative of Lewis acidity. It was
interesting to note the broadening of this band on washing with deionised water (CHO) and
2N acid (H2). A large broad band between 1465 cm™ and 1435 cm™ was observed in mildly
steamed H-Mordenite (HS). This peak is in the region which is indicative of pyridine
associated with both Lewis acid sites and cations and was reduced upon acid washing (HS1).

Severely steamed H-Mordenite (HSS) showed essentially no adsorbed pyridine.

The spectra of adsorbed pyridine on the samples at increasing temperatures are shown in
Appendix VI. Figures 3.31 to 3.38 show the relative amounts of Lewis and Bronsted acidity
represented by pyridine concentrations on each site as a function of increasing temperature.
Pyridine is removed from the cations of Na-Mordenite as the temperature increased from
100°C. This indicates that the low temperature peak in ammonia TPD has been correctly
assigned to weak Lewis or cationic sites. This sample does seem to possess a small amount
of Bronsted acidity (indicated by the peak at 1550 cm™).The pyridine does not desorb from
this site even at elevated temperatures (600°C) therefore indicating that although low in

concentration, these sites are relatively strong.

Washing this sample with 0.1N acid (Fig. 3.32) increased the amount of Bronsted acidity
substantially. There is an increase in amount of pyridine adsorbed on Bronsted sites with
increasing temperature from 100 to 300°C, a phenomenon noted previously [Karge, 1971;
Rautenbach, 1985]. This is probably as a result of the pyridine being able to access a larger
area of the catalyst due to its increased movement at high temperatures. Although, pyridine
desorbs from Bronsted acid sites in the catalyst at temperatures between 400 and 600°C,
there is still residual pyridine at 600°C. This would appear to confirm the assignment of
desorption at these temperatures in ammonia TPD studies to be from Bronsted sites. A small

amount of Lewis acidity is also observed.

Shallow bed calcined H-Mordenite (Fig. 3.33) shows the same increase in adsorbed pyridine

as Na0.1 for the same reasons. The increase is more severe indicating that a larger number
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3.2.2.3 Investigation of the 3000 to 4000 cm™ region

The region of the infrared spectrum between 3000 and 4000 cm™ can be used to provide
information on the nature of hydroxyls present in Mordenite. The spectrometer used,
however, showed low emittance in this region thus leading to a low signal to noise ratio.
Therefore 'H MAS NMR was used in preference to infrared spectroscopy to investigate
hydroxyls in dealuminated Mordenite. The spectra of the 4000 to 2500 cm™ region of
samples Na, H2, CH, CHO and HS1 are, however, presented in Figure 3.39 for completeness.

N

Na

' + r +— —+— ~
000. o 2Q00. 0 3s00.a 9400.0 3200.0 3000. 0
WAVENUMBER (CM-1)

Figure 3.39 Region from 4000 to 2500 cm” of the infrared spectra of samples
Na, H(550), H2, CH, CHO and HS1

Qualitatively one can see the presence of hydroxyl groups in H-Mordenite samples and the
lack of them in Na-Mordenite. Interestingly the deep bed calcined sample CH seemed to

possess less hydroxyl groups than the same sample washed with water.
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Samples Na0.1, Na10, CHO, HS1 and HSS all show acidic hydroxyl groups equal to the
amount of ammonia represented by the high temperature desorption peak of ammonia TPD,
suggesting that all sites in this peak are due to Bronsted acid sites. Samples CH and HS
present contradictions. A large number of Bronsted acid sites were found by infrared
spectroscopy of pyridine adsorption and large amount of acidity seen by ammonia TPD, but
the values found by 'H MAS NMR was less than half of that seen by other techniques for

both thermally treated samples.

The number of silanol groups and extra-framework hydroxyl groups increase with increased
concentration of acid washing as expected (Na0.1 to Nal0 and HS to HS1). The amounts
of these were low in the case of hydrothermally treated samples, probably due to framework
repair during the high temperature treatment. Sample CH, which had been deep bed
calcined, exhibited the same number of these hydroxyls as sample Na0.1 despite undergoing
the same level of framework dealumination (17% from Na-Mordenite) and having more
EFAl present. Sample CHO showed a large number of these hydroxyls despite the relatively
low degree of framework dealumination (21%) suggesting a hydration effect not seen in

other samples.
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The data points shown as empty squares indicate samples taken during a reproducibility
study on deep bed calcined H-Mordenite (CH). Isobutane cracking was carried out on a
fresh batch of CH made from the original Na-Mordenite.
empirical model well the calcination method and the reaction itself were regarded as

reproducible. A similar test was carried out on sample HSO.1.

The time taken before the catalyst deactivated to give half the initial conversion was used
to quantify catalyst life-time. This is termed the half-life of the reaction (t,,) in the reaction

results listed in Tables 3.21 to 3.23. The half-life is related to the variable of the empirical

equation modelling deactivation by the formula t,, = (1/b)""".

Table 3.21 Initial isobutane cracking conversion (r,), selectivity to products predicted
by the model for reaction over weaker acid sites (Sw) and time to reach half the

initial conversion (t,,) for dealuminated Na-Mordenite samples

As both sets of data fit the

Isobutane cracking

r S tir
Sample mol.g".hr! % min
Na <0.1 - -
Na0.001 <0.1 - -
Na0.01 0.2 63.0 288
Na0.1 9.7 12.7 292
Nal 15.1 11.0 282
Na2 18.2 9.3 178
Na5s 16.4 9.5 257
Nalo 3.9 11.0 734
NaS <0.1 - -
NaS0.01 < 0.1 - -
NaS0.1 0.1 (73.0) ;
NaSt1 6.8 15.0 506
NaS2 10.9 12.0 341
NaS5 24 9.1 80
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The hydrogen form of the catalyst showed increased activity compared to acid washed
sodium form, but deactivated more rapidly (seen by comparison of r, and t,, in Tables 3.21
and 3.22). Although the initial activities of the acid washed hydrogen form of the catalyst
are higher than the acid washed sodium form catalysts, all of these samples (apart from HE,
HS, HSS and HS10) also showed greatly reduced half-lives (30-40 minutes compared to >
200 minutes). The selectivity of these catalysts to products predicted by the model to form

over strong acid sites (see Section 1.5.1) is consistently greater than 90%.

Deep bed calcination of H-Mordenite (sample CH) produced a catalyst which was highly
active, viz. r, = 41.0 mol.g".h"' (Table 3.22), however, the half-life of 12 minutes for this
sample was notably short. Comparison of the TG-DTA curves of two samples (H0.001 and
H1S1) showing different deactivation behaviour (t,, = 29 and 166 min respectively) showed
marked difference in the amount of coke formed during reaction (3.5 and 1 wt% respectively

after 3 hours of reaction).

Washing the deep bed calcined sample with deionised water resulted in a less active catalyst
(r, = 25.7 mol.g"".h") with a longer half-life (30 minutes) and a small increase in selectivity
to the products predicted for reaction over weak acid sites. After a 0.01N wash the deep bed
calcined catalyst shows almost identical isobutane cracking characteristics to the shallow bed
calcined sample washed with the same concentration of nitric acid (r, = 22 mol.g".h"', Sw
=75 %, t,, =27 min). A peak in activity can be seen after a 1N acid wash (r, = 35.3
mol.g.h"), followed by a decrease after stronger acid washes. All acid washed samples

showed essentially the same selectivities.

EDTA washing of the catalyst decreased the initial activity marginally, but gave the highest
catalyst lifetime. Since EDTA is too large to enter the pores of the catalyst, its
dealumination effect is restricted to the external layers of the catalyst [Kerr, 1968]. This
removal of external acid sites would reduce initial activity, but may increase the lifetime of

the catalyst by reducing the probability of formation of coke precursors at the pore mouth
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[Schultz et al., 1991].

Table 3.23 Initial isobutane cracking conversion (r,), selectivity to products predicted
by the model for reaction over weaker acid sites (Sw) and time to reach half the

initial conversion (t,,) for steamed H-Mordenite samples which have been acid

washed.
Isobutane cracking

I, S. i
Sample mol.g".hr”! % min
HS 19.4 13.8 279
HSO 20.6 8.7 73
HS0.01 20.2 9.3 40
HSO0.1 20.3 7.3 58
HS1 279 82 72
HS2 29.0 7.8 89
HSS 12.7 10.7 204
HS10 1.3 26.5 -
HSS 0.04 - -
HSS2 0.04 - -

Mild steaming of the hydrogen form of the catalyst resulted in a small decrease in activity
(r, = 19.4 mol.g".h"") shown in Table 3.23. The most significant observation, however, is
the increase in catalyst lifetime and decrease in the selectivity to the products predicted for

reaction over strong acid sites of the sample HS.

Severe steaming of the catalyst (sample HSS) resulted in an almost complete loss in activity
due to the removal of framework aluminium. Acid washing of the mildly steamed H-
Mordenite resulted in an optimum in activity after a 2N acid wash. Thereafter the activity
decreased rapidly viz. HSS5, HS10. Severely steamed H-Mordenite, however, showed no

increase in cracking activity after acid washing.
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In summary three different effects on cracking activity were seen by different methods of
dealumination. In the case of deep bed calcined Mordenite there was an enhancement of
activity. Steaming, however, had a negative effect on activity but resulted in an increase in
catalyst lifetime. The mild acid washing increased cracking activity in all cases, but washing

with increased nitric acid concentration resulted in lower cracking activities.
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3.3.2 Cyclohexanol dehydration

Cyclohexanol dehydration was carried out over a number samples chosen to represent a
range of dealumination techniques. The reason for using this reaction as a probe of external
activity has been explained in Section 1.5.2. The steady state conversion of cyclohexanol
over these samples, as calculated by the method shown in Appendix VIII, is shown in Table
3.24. Silica-alumina was used to test the reaction over an amorphous catalyst. As 99%
conversion was found for this test, the low conversions over the Mordenite samples indicate
that the reaction is occurring on the external sites as discussed in Section 1.5.2. The
reproducibility of this reaction was tested on sample H2 and it was found to reproducible
to within 0.2% conversion. Mass balances were within 5% at steady state for all runs

reported.

Table 3.24 Cyclohexanol conversion at steady state

Sample Conversion [%] Sample Conversion [%]
Si0,/ALO, 99.0 CH 12.9
Na 0.0 CHO 1.1
Na0.001 0.8 CHO.1 5.4
Na0.01 1.0 CHI1 52
Na0.1 59 HE 7.3
Nal 9.4 HS 2.8
Na2 34 HSO0.1 1.5
Nalo 1.8 HSI 2.5
H(550) 4.1 HS2 14.9
HO.1 5.5 HSS5 16.5
Hi 5.2 HSI10 22
H2 49 (5.1) HSS 33
H5 3.6 HSSS 3.6
H10 3.6

As in the case of isobutane cracking, the sodium form (Na-Mordenite) showed no activity.
Mild acid washing increased conversion as sodium was proton exchanged. A conversion of
0.8% (shown in Table 3.24) indicating the first significant surface activity was seen after a

0.001N nitric acid wash. Cyclohexanol dehydration activity increases to a maximum of
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9.4% conversion after a 1IN acid wash before decreasing after washes with higher

concentration acids.

The shallow bed calcined H-Mordenite showed a steady state conversion of 4% which is
comparable to that seen by Karge et al. [1983] for acid dealuminated Na-Mordenite (Si/Al
= 19.9 conversion = 3%). Deep bed calcination on the other hand showed much increased
activity with a steady state conversion of 13%. This is consistent with the high activity seen
for this sample during isobutane cracking and would suggest that the highly active sites

created during calcination are formed at the surface of the catalyst.

Although washing of both shallow and deep bed calcined H-Mordenite with 0.1N acid results
in a catalysts with almost the same activity for this reaction, washing the deep bed calcined
sample with deionized water reduces cyclohexanol dehydration activity significantly. This
reduction could be as a result of strongly adsorbed water (reported to be a poison in this
reaction [Karge et al., 1983]) which was not removed during the catalyst pretreatment

(400°C).

Further acid washing of H-Mordenite showed a gradual decrease in cyclohexanol conversion,
with still 3.6% conversion remaining after a 10N acid wash. This would suggest that
preference for surface dealumination by acid washing is not significant in the case of H-
Mordenite. The low conversion rates of the H-Mordenite acid washed series compared to
Na-Mordenite washed with 0.1 and IN acid suggests that, apart from the case of deep bed
calcined H-Mordenite, there was an acid site deficiency at the surface of ion exchanged

samples.

Steaming the hydrogen form of the catalyst decreased the activity slightly, probably as a
result of framework dealumination. The low surface activity was observed in spite of an
expected increase in surface aluminium after steaming. A further decrease in cyclohexanol

conversion is seen after washing the steamed catalyst with mild acid.
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3.3.3 Isopropylation of naphthalene

3.3.3.1 The effect of dealumination of Mordenite on the reaction

The results from a series of autoclave reactions using a selection of modified Mordenite
catalysts chosen to represent each dealumination technique is presented in Table 3.25. The
low conversions allowed the selectivities and activities of the different samples to be
compared without significant influences of a change in reactant composition. The selectivity
to 2,6-DIPN over the non shape selective catalyst aluminium chloride is 33% which is close
to the reported equilibrium value of 39%, although the 2,6/2,7 ratio of 0.67 is lower than
that seen over silica alumina [Horsely et al., 1994; Fellman et al, 1991]. The high
conversion seen over this catalyst is probably due to the large number of exposed acid sites

present as all catalysts were added on a mass basis.

Table 3.25 Diisopropylnaphthalene production and selectivity data for autoclave

reactions

Sample AICI, Na Nal H(550) H2 HE

Time [min] 480 480 480 480 480 480
Conversion 14.8 0.1 0.7 2.6 1.5 1.0

DIPN selectivity 82.7 33.2 7.2 65.0 325 30.2
2,6-DIPN Selectivity 329 16.0 32 40.0 4.0 12.9
2,6/2,7 ratio 0.67 1.99 6.19 1.88 2.44 6.28
2,6-DIPN Yield 4.9 0.0 0.0 1.0 0.1 0.1

Sample CH HS HSO0.1 HSI1 HS5 HSS
Time [min] 480 480 480 480 480 480
Conversion 4.3 3.9 5.1 3.2 3.9 1.5

DIPN selectivity 82.3 81.7 85.8 77.6 69.6 25.17
2,6-DIPN Selectivity 64.0 60.0 73.8 64.0 59.1 7.79
2,6/2,7 ratio 428 4.00 7.26 7.75 7.56 0.78
2,6-DIPN Yield 2.8 23 3.8 2.0 23 0.1

An interesting observation was made that selectivity to DIPN increased with increasing

conversion in most cases. This is not surprising as isopropylation is a series reaction and
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3.3.3.2 Study of the isopropylation reaction

The sample HSO0.1, having shown the best results from the batch tests with respect to 2,6-
DIPN yield, was used in a flow system. To calculate a power law rate equation, the reaction
was performed with feeds of different partial pressures as shown in Table 3.26. The
conversion (X) was calculated with respect to naphthalene and selectivity (S) refers to

selectivity towards 2,6-diisopropyl naphthalene.

Table 3.26 Conversion (X) and selectivity (S) data used to investigate the kinetics of
DIPN synthesis over HS0.1

Temp P P, X S 26727 Yield K
[°C) [kPa] [kPa] (%) [%6) Ratio [%)] [mol.kPa’.s'.g"]
300 1.57 12.85 12.7 59 12.5 7.5 0.77
275 1.57 12.85 11.4 78 12.3 8.9 0.69
250 1.57 12.85 8.7 69 8.6 6.0 0.52
250 1.54 19.50 10.6 S5 6.1 5.8 0.52
250 1.54 21.25 11.5 62 7.5 7.1 0.54
250 1.53 23.28 12.0 61 84 7.3 0.54
250 2.49 12.90 7.4 74 7.9 5.5 0.53
250 322 29.23 9.9 70 7.1 6.9 0.54
235 1.57 12.85 6.0 82 7.4 49 0.36
225 1.57 12.85 4.6 71 6.2 33 0.27
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The discussion of the results of this research is divided into three sections. In this first
section, the effects of dealumination on the Mordenite structure and on the number and type
of acid sites are discussed. This is followed in Section 4.2 by a discussion of the catalytic
properties of the dealuminated samples, including the activity of both strong acid sites and
those sites located on the surface of the catalyst. The shape selective properties of the
modified samples are also discussed. Finally in Section 4.3 these catalytic properties are
then discussed with reference to the structural and acidic properties of the dealuminated

samples.

4.1 EFFECT OF DEALUMINATION TREATMENTS ON THE STRUCTURE AND
ACIDITY OF MORDENITE

4.1.1 Sodium Mordenite

In this section the effects of acid washing and steam treatment on a sample of sodium
Mordenite on its structural and acidic properties are discussed. The sample used was
acquired from the Fritz-Haber Institute in Berlin and was characterised in that Institute.
Characterisation results from both the Fritz-Haber institute and our own laboratories are
shown in Appendix XI and compare very favourably. The results referred to in this part of

the discussion can be found in Tables 3.1, 3.4, 3.9, 3.14 and 3.20 of Sections 3.1 and 3.2.

The parent sodium form (Na) showed weak Lewis acidity, which was identified by both a
peak of low desorption temperature in the response curve of ammonia TPD [Karge and
Dondur, 1990] and by a band at 1445 cm™ in the infrared spectrum of adsorbed pyridine
[Lefrancios and Malbios, 1971]. The desorption of ammonia and pyridine from these sites
at low temperatures suggests that they are weak. These weak Lewis sites are likely to be

ascribed to sodium ions [Meyers et al., 1988].
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Bronsted acid sites. It is only the sample that has been deep bed calcined (CH) which
showed a large number of strong acid sites that were not Bronsted sites (i.e. Lewis sites).
In all other samples, the amount of strong Lewis acidity is small and essentially all strong

acid sites seen by ammonia TPD were assigned to Bronsted acidity.

Essentially no strong Bronsted acidity was observed in the parent Na-Mordenite sample. The
low percentage crystallinity of 77% (relative to a sample washed with EDTA which had the
highest crystallinity and was therefore assigned a value of 100%) indicates the existence of
crystal defects or the presence of amorphous material. Any amorphous material present in
the sample would not appear to include aluminium as no EFAI was observed by *’Al MAS
NMR. It is more likely therefore that any amorphous phase present would contain

contributions from sodium and possibly silicon species.

The first indication of sodium removal from the sample occurred after a 0.01N acid wash.
This wash also resulted in a decrease in the amount of weak Lewis acidity in the sample and
the production of the first significant amounts of Brénsted acidity. This would indicate the
onset of proton exchange for sodium during the 0.01N acid wash. An increase in both unit
cell size and percentage crystallinity was seen despite the creation of small amounts of EFAI-
0. Olsson and Rollmann [1977] and Raatz er al. [1985] have made similar observations
which they ascribed to a release of strain on the framework by the removal of minor

structural defects during the acid wash.

A 0.1N acid wash removed 90% of the sodium with minimal loss of bulk aluminium, but
production of significant amounts of EFAl-o (0.2 mmol/g). The observed increase in
Bronsted acidity and decrease in weak Lewis acidity is consistent with proton exchange for
sodium during acid washing since the weak Lewis sites are probably sodium cations. The

number of Bronsted sites is slightly less than the number of framework aluminium atoms not
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charge balanced by sodium (0.90 mmol/g compared to 1.15 mmol/g) suggesting that not all
the acid sites could be accessed by the probe molecules as some may be located in the side

pockets.

No weak Lewis acid sites were identified on sample Na0.1 by infra-red spectroscopy of
adsorbed pyridine. These sites were therefore probably not accesible to the pyridine

molecule and the residual sodium ions may be located in the side pockets of the crystal.

Increasing the strength of the acid used for washing the Mordenite up to 2N continued to
remove sodium and also increased the number of strong Bronsted acid sites. This increase
in acid wash concentration also resulted in a maximum in percentage crystallinity seen in all
the acid washed Na-Mordenite samples. Higher concentrations of acid increased the extent
of removal of both sodium and aluminium from 6.6 Na/uc and 6.5 Al/uc in the parent Na-
Mordenite sample to 0.2 Na/uc and 2.4 Al/uc after a 10N acid wash. As sodium was
removed from the catalyst, the amount of weak Lewis acidity was reduced but not
eliminated. EFAl-o species were created and remained in the catalyst as sodium was
removed and therefore it is likely that these residual EFAl-o species are responsible for weak

Lewis acidity referred to above.

Increasing the strength of acid wash led to a decrease in the amount of Bronsted acidity and
increased the extent of framework dealumination. This coincided with a sharp drop in
crystallinity. The large number of silanol groups, as seen in 'H MAS NMR spectra (Section
3.2.3), of sample Nal0 compared to Na0.01 and the formation of a shoulder at 950 cm™ in
the infra-red spectra (Fig 3.22) is consistent with the formation of a hydroxyl nest [Musa ef
al., 1987]. This appears to be stable after drying at 80°C, but is removed by hydrothermal
treatment at 550°C. This is consistent with observations made by Beyer et al., [1984] and

Fejes ef al. [1985].
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Although steaming of the Na-Mordenite sample did not affect its bulk chemical composition,
nearly a third of its framework aluminium was removed to create both EFAl-o and EFAI-t.
The observed decrease in percentage crystallinity is consistent with the production of these
extra-framework species. No strong acidity was created and in fact the small amount of
strong acidity seen in the unsteamed sample (Na) was removed. As will be shown in
Section 4.2.1, both these samples were catalytically inactive. As mentioned above, the
shrinking of the unit cell has been previously reported by Raatz et al. [1985]. The unit cell
size was restored after a wash with deionised water, although the percentage crystallinity

decreased further.

Steam pretreatment of the Na-Mordenite sample before acid washing did not appear to affect
the removal of sodium from the sample during acid washing. This was not surprising. The
removal of aluminium from the bulk by acid washing was significantly retarded in the
sample pretreated with steam. It was expected that the EFAI created in the catalyst during
steaming would be more easily removed than the framework aluminium in the unsteamed
sample. It is likely that the presence of sodium was the cause of this result as the same
feature was not seen in the case of H-Mordenite. The possibility exists of the formation of
a sodium aluminate extra-framework species which may be stable in the catalyst or there
may be steric restrictions to dealumination by the presence of both sodium and EFAl in the

pores of the catalyst.
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4.1.2 Calcined H-Mordenite

In the following section, the methods of shallow and deep bed calcination and the acid
washing of H-Mordenite are discussed. The deep bed calcined sample was of particular
interest due to the high number of strong acid sites and high catalytic activity seen in the
sample. The data referred to in the discussion can be found in Tables 3.2, 3.5, 3.10, 3.11,

3.15, 3.16 and 3.20 of Sections 3.1 and 3.2.

A 98% removal of sodium was achieved by ion exchange with ammonium nitrate. No
change to framework composition was observed after ion exchange, although an increase in
crystallinity was seen. This may be due to the removal of amorphous material present in the
Na-Mordenite sample. Although it did not seem likely that the crystallinity of the sample
could be related to sodium content, crystallinity generally increased with the removal of
sodium from the samples. The presence of water may have aided the removal of amorphous

material by dissolution in the liquid phase.

Calcination of the ammonium form of the catalyst did not result in the removal of any
aluminium from the bulk. Both deep and shallow bed calcined samples did show roughly
17% framework dealumination to produce EFAl-o which is similar to the amount seen by
Miller et al. [1992] in a similarly treated sample. The crystallinity of the catalyst increased
after calcination despite the creation of EFAl, with deep bed calcined CH being more
crystalline than shallow bed calcined H(550). This suggests that annealing of the catalyst
structure may be taking place during calcination and this annealing is aided by the high
temperature and presence of water vapour created by dehydroxylation within the deep bed
[Bosacek and Freude, 1988; Medin et al., 1990]. The unit cell size decreased after

calcination particularly in the a and b directions as has been observed by Raatz et al. [1985].

Amounts of weak and strong acid sites and framework and extra-framework aluminium are



CHAPTER 4. DISCUSSION 123

shown as a function of strength of acid wash in Figure 4.2. All mildly acid washed H-
Mordenite samples showed a number of strong acid sites roughly equal to the number of

framework aluminium atoms and weak acidity slightly less than the amount of EFAL

Concentration
|

o
b e

Parent ON 0.001N 0.01N 0.1N iN 2N 5N

Strength of acid wash

X Framework aluminium in shallow bed calcined H-Mordenite
+ Framework aluminium in deep bed calcined H-Mordenite
A Strong acidity in shallow bed calcined H-Mordenite

WV Strong acidity in deep bed caicined H-Mordenite

I EFAI in shallow bed calcined H-Mordenite

4 EFAl in deep bed calcined H-Mordenite

X Weak acidity in shallow bed calcined H-Mordenite

ﬁ Weak acidity in deep bed calcined H-Mordenite

Figure 4.2 Acidity of calcined and acid washed H-Mordenite as determined by deconvolution of ammonia
TPD response curve and framework and extra-framework aluminium content as a function of strength of

acid wash

This would indicate that the strong acid sites are associated with framework Bronsted sites
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by pyridine adsorption and could therefore be located in positions which are sterically

shielded from pyridine such as in the side pockets.

The adsorption of pyridine did not increase with increased temperature as in the case of
H(550) and so it appears that some steric hindrances have been removed, despite the reduced
unit cell volume. Annealing of crystal defects in this sample may have allowed greater

access to acid sites.

To investigate the repair of framework defects and the removal of hydroxyls during this
treatment, a '"H MAS NMR study was performed on this sample. However, an unusually low
number of hydroxyls was seen in this sample despite the expected dehydroxylation during
calcination above 500°C [Medin et al., 1990]. Although a reduced number of hydroxyls was
also seen in the infra-red spectra of the hydroxyl region of the sample, the amount of
Bronsted acidity determined by pyridine adsorption remained high. The NMR was performed
at a reputable institution and the discrepancy seems too large to be accounted for by line
broadening effects of the NMR spectra by hydroxyls in close proximity [Fenske ef al., 1991]

and therefore this result is difficult to explain [Liu, 1995].

Washing the deep bed calcined sample with deionised water increased the crystallinity of the
sample to a relative percentage of 99% and increased the unit cell in the a and b directions
(a feature also noted with steamed Na-Mordenite). This is consistent with the relaxation of
the framework from strain induced during calcination. After washing with deionised water
the number of strong acid sites of the deep bed calcined sample decreased to just below the
number of framework aluminium atoms. The amount of weak acidity increased slightly as

did the amount of EFAl-o.

The increase in the amount of pyridine adsorbed on Broénsted sites in sample H(550) with
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corresponding decrease in crystallinity. Although the number of strong sites decreased with
decreasing framework aluminium, the acid strength, indicated by T,,, (at constant heating
rates), increased until a framework Si/Al ratio of nine was reached, whereafter a constant

strength was maintained. This is consistent with literature reports [Stach and Jansen; 1992].

The amount of pyridine adsorbed onto Bronsted sites in H-Mordenite washed with 2N acid
did not increase with increasing temperature, as in the case of sample H(550). It would
appear that the steric restrictions, to which this observation was ascribed, have been removed
by acid washing. This could be a result of dealumination in the side pockets leading to their

enlargement, but this is not conclusively shown by this result.

Washing H-Mordenite with EDTA after calcination removed a further 14% of aluminium
from the framework and reduced the EFAIl content dramatically. A correspondingly low
amount of weak acidity was seen. The observed high relative percentage crystallinity is

probably due to the removal of amorphous material and a sharp reduction in EFAI.

4.1.3 Steamed H-Mordenite

The effects of dealumination by steaming and by acid washing of steamed H-Mordenite
samples on the structure and acidity of Mordenite are discussed in this section. The deep
bed calcined sample was of particular interest due to the large number of strong acid sites
and high activity seen in the sample. The data which is referred to in the discussion can be

found in Tables 3.3, 3.6, 3.12, 3.17 and 3.20 of Sections 3.1 and 3.2.

Mild steaming of H-Mordenite did not remove aluminium from the bulk but led to the
production of substantial quantities of extra-framework aluminium species. EFAl-o and

EFAIl-t were present in large quantities possibly together with some pentacoordinated
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framework aluminium atoms after steaming and was approximately equal to the number of
framework aluminium atoms less the amount of EFAI-t (= 0.9 mmol/g). A large increase
in weak Lewis acidity as evidenced by both infra-red spectroscopy of adsorbed pyridine and

ammonia TPD was seen.

The infrared band ascribed to pyridine adsorbed on Lewis acid sites was broad and appeared
to include contributions from pyridine adsorbed on cationic sites. It is possible that the
pyridine-EF Al interaction represented by this peak, is similar in nature to that of pyridine
interactions with cations such as sodium. This indicates the probability that EFAI-t species
are cationic and can associate with framework anionic sites to reduce Bronsted acidity in a

similar manner to sodium ions.

The same amounts of Bronsted and Lewis acidity determined by the deconvolution of the
response curve of ammonia TPD were shown to be present by infra-red spectroscopy of
pyridine adsorption indicating that all sites which were equally accessible to ammonia are
also accessible to pyridine. The amount of Lewis acidity seen in the infrared spectra of
adsorbed pyridine is equivalent to the total amount of EFAI (including both EFAl-o and
EFAI-t), but considerably less is evidenced by the desorption of ammonia. It has been
shown by Sharma et al. [1993] that pyridine has a higher energy required for desorption than
ammonia (AH,,(NH;) = 157 kJ.mol" and AH,,(Pyridine) = 200 kJ.mol") and therfore
desorbs at higher temperatures. It is possible therefore that some of the Lewis sites present

in steamed H-Mordenite are weak and are not detected by ammonia TPD.

Washing the mildly steamed catalyst did not change the bulk aluminium content, but there
was an increase in EFAl-o as well as a decrease in the amount of EFAI-t. The positively
charged extra-framework species created by steaming appears to remain localised in the

catalyst structure associated with negatively charged framework aluminium.
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90% of the framework aluminium from the original Na-Mordenite. It is possible that extra-
framework species containing both silicon and aluminium [Janin ef al., 1991] were produced
by acid washing of this sample, as evidenced by *’Si MAS NMR, but the concentration of

these is low.
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Figure 4.4 Strong acidity as determined by deconvolution of the ammonia TPD response curve
as a function of framework aluminium less tetrahedral extra-framework aluminium

Severe steaming of H(550) produced large amounts of EFAl with over 50% framework
dealumination and no loss of aluminium from the bulk. A distinct peak indicating a large
amount of pentacoordinated aluminium was observed by “’Al MAS NMR in all severely
steamed samples. The reduction of acidity in these samples is consistent with the large

amount of framework dealumination.

Although crystallinity was reduced, the Mordenite structure remained intact after this
treatment producing a Si/Al, greater than 40. The *Si MAS NMR shows predominantly

silicon not attached to any aluminium (Si(0Al)). Although two peaks are shown (Fig. 3.18),
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Isobutane cracking activity was found to increase with increasing number of Brénsted and
strong Lewis acid sites as is expected for a cracking reaction [Kim and Thm, 1992; Miller
et al., 1992].

increase linearly with number of framework aluminium sites not charge balanced by sodium.

The slope of the line drawn represents the number of isobutane atoms converted per
framework site per second and is called the turn over number (TON). Most samples showed
a good fit to this line (R* = 0.94) which represents a TON of 4 s*. Some samples increased

activity above this line and these are labelled in Figure 4.5. The ensuing discussion will

focus mainly on those samples showing increased activity.

This is shown in Figure 4.5 where the activity generally can be seen to

Table 4.1 Isobutane activity and selectivity, aluminium content and acidity of

dealuminated Mordenite samples

Isobutane cracking

Aluminium content®’

Number of strong

r," S.@ Al; EFAl-o EFAI-t acid sites™
Sample mol.g™.hr” % mmol.g” mmol.g” mmol.g” mmol.g”
H(550) 20 92 1.75 0.27 0.00 1.54
HO0.01 21 92 1.54 0.42 0.00 1.47
HO.1 33 92 1.54 0.32 0.00 1.52
H1 35 93 1.52 0.30 0.00 1.46
CH 41 94 1.76 0.27 0.00 1.89
CHO0.01 22 92 1.54 0.43 0.00 1.47
CH1 35 93 1.53 0.29 0.00 1.47
HS 19 86 1.22 043 0.36 0.90
HS2 29 92 1.02 0.27 0.11 0.81

(1) Initial rate of conversion of isobutane

(2) Selectivity to products formed over strong sites
(3) Concentrations of different aluminium species as determined by A1 NMR and elemental analysis
(4) Number of strong acid sites as determined by deconvolution of ammonia TPD response curves

Summarised results of the cracking experiments over some dealuminated H-Mordenite

samples are given in Table 4.1 together with acidic and structural data for these samples.




CHAPTER 4. DISCUSSION 135

In the following discussion, the characteristics of each samples are referred to with reference

to sample H(550).

Deep bed calcination of H-Mordenite (sample CH) produced a catalyst which was highly
active, viz. r, = 41 mol.g".h"". The observation of enhanced activity for a cracking reaction
is similar to n-hexane cracking results seen over mildly steamed ZSM-5 and zeolite-Y [Lago
et al., 1986; Zholobenko et al., 1990 and 1991; Loffler et al. 1991]. The deep bed
calcination procedure used to modify the Mordenite catalyst can be compared to a very mild
form of steaming [Kerr, 1969; Szostak, 1991]. It is likely therefore that the same
mechanism responsible for enhanced activity in mildly steamed ZSM-5 and Zeolite-Y 1is

applicable to the deep bed calcined Mordenite.

This sample was observed to possess an increased amount of strong Lewis acidity as
discussed in Section 4.1. Some authors have explained the activity enhancement of mildly
steamed ZSM-5 and Zeolite-Y by an interaction of the Bronsted acid sites of the framework
and Lewis sites of EFAI species [Lago et al., 1986, Hopkins, 1968; Lunsford, 1968]. Very
strong acid sites as determined by the temperature of the peak maximum in temperature
programmed desorption of ammonia have been observed previously on mildly steamed
Mordenite [Mirodatos and Barthomeuf, 1981]. However, it was suggested that they were

a result of a synergistic effect between Lewis and Brénsted acid sites.

More recently, Zholobenko et al. [1990,1991] and Loffler et al. [1991] have attributed the
increased activity of mildly steamed ZSM-5 samples for n-hexane cracking rather to an
increased concentration of Lewis acid sites which act separately to Bronsted sites. They
propose that the Lewis acid sites enhance the initial dehydrogenation or demethanation steps,
which are the rate limiting steps and produce the primary products of reaction [Dumisic et

al., 1993]. This proposal is supported by the high observed selectivity to products formed
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over strong acid sites and thus low selectivity to products formed over weak sites (S,, = 6%).

The half-life (viz. the time taken for the sample reach half its initial activity) for the deep
bed calcined sample was 12 minutes, which is notably short and suggests that the acid sites
responsible for enhanced activity also promote rapid coke formation which would lead to a
short catalyst lifetime. Figure 4.6 shows the relationship between the time taken for the
catalyst to be reduced to half its original activity and selectivity to products formed over
strong acid sites. This clearly shows that there is a relationship between the amount of
strong acid sites and the lifetime of the catalyst. No dierect relationship was found between

catalyst lifetime and initial activity.
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Figure 4.6 Isobutane cracking half-life (t,,) as a function of selectivity to products formed
over weaker acid sites (S,)
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Deactivation is most probably caused by the strong sites driving selectivity towards
secondary reactions and coke formation, which was predicted by the reaction model.
Comparison of the TG-DTA curves of two samples (CH0.001 and H1S1) showing different
deactivation behaviour (t,, = 29 and 166 min respectively) showed marked difference in the
amount of coke formed during reaction (3.5 and 1 wt% respectively after 3 hours of

reaction).

Increased coke formation has been observed in the presence of Lewis sites in other cracking
reactions [Abbot and Geurzoni, 1992]. The model of synergistic interactions between Lewis
and Bronsted sites has been used to account for reduced coke formation in some steamed
samples [Mirodatos and Barthomeuf, 1981; Gnep et al., 1980]. This effect is not seen and
in fact the rapid deactivation supports the model of the strong Lewis site enhancing the
initiation steps of the reaction and leading to increased formation of secondary products and

coke.

Washing the deep bed calcined sample with deionised water resulted in a less active catalyst
(r, = 25.7 mol.g’".h"") with a longer lifetime (t,,, = 30 minutes). Although no aluminium was
removed from the framework or bulk, it appears that the species responsible for Lewis sites
have changed in nature and no longer provide enhanced activity. Possibly the extra-
framework sites have been hydrated to become an inactive or even neutral species. After
a 0.01N wash the deep bed calcined catalyst shows almost identical structural and acidic
characteristics and catalytic behaviour to the shallow bed calcined samples washed with

comparable strengths of acid.

Steaming of the hydrogen form of the catalyst at low partial pressures of water (230 torr)
resulted in a small decrease in activity (r, = 19.4 mol.g".h"). Clearly the mild steaming

described by Mirodatos and Barthomeuf [1981], Lago et al. [1986], Zholobenko et al.
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[1990,1991] and others is much more akin to deep bed calcination than the steaming
performed on this sample. It is a feature of much of the published literature on mild
steaming that the specific conditions of steaming are seldom reported (i.e. temperature, water
partial pressure, flowrate and catalyst loading). This makes the comparison of different

"mildly" steamed samples reported in literature difficult.

A significant observation made during isobutane cracking over steamed H-Mordenite is the
increase in catalyst lifetime (t,, =279 min). This can be ascribed to the removal of strong
acid sites which have been shown to lead to deactivation and thus changing the selectivity
of the reaction. This is consistent with the investigation into the samples’ acidic properties.
A reduction of Bronsted acidity was seen, which was attributed to an interaction of EFAI-t
with framework aluminium atoms. These sites were also seen to be weaker than those in
unsteamed samples as pyridine desorbed from them at lower temperatures (this was shown
in Figure 3.37). They would therefore be expected to show selectivity towards products

formed over weaker acid sites.

A peak in activity in H-Mordenite samples can be seen after a IN acid wash (r, = 35.3
mol.g".h™"). Samples H0.01, HO.1 and HI all possess similar framework aluminium
concentrations equivalent to a Si/Al; of 9, which is close to the theoretical point of maximum
activity as described by the next-nearest-neighbour theory. The steady increase in initial
activity from H0.01 (r, = 22.2 mol.g”.h™") to HI (r, = 35.3 mol.g".h") coincides with a
decrease in amounts of EFAI present in the catalyst. A similar trend is seen for deep bed

calcined samples washed with the same concentrations of acid.

These results indicate that these EF AL species do not increase the activity of the catalyst as
they did in the case of the deep bed calcined sample, but have the opposite effect. Miller

et al. [1992] have also observed that, when present in low concentrations, octahedral EFAI
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had no effect on acid strength of the framework aluminium and was not seen to be strongly
acidic. It is therefore possible that the negative effect is due to their presence in the

Mordenite channels blocking the hydrocarbons from access to the acid sites.

Acid washing of the steamed H-Mordenite also resulted in an optimum in activity. This was
observed after a 2N acid wash (HS2). Thereafter the activity decreased rapidly viz. HSS,
HS10. These last two cases are associated with a dramatic decrease in the aluminium

content and the concentration of strong acid sites.

EDTA washing of the catalyst decreased the initial activity marginally, but gave the highest
catalyst lifetime. Since EDTA is too large to enter the pores of the catalyst, its
dealumination effect is restricted to the external layers of the catalyst [Kerr, 1968]. This
removal of external acid sites would reduce initial activity, but may increase the lifetime of
the catalyst by reducing the probability of formation of coke precursors at the pore mouth

[Schulz et al., 1991].

In summary, it has been shown that while isobutane activity generally increased with number
of framework aluminium sites, the presence of EFAI and sodium had a great effect on the
activity of the catalyst. Sodium acted as a charge balancing cation to the aluminium and

thus reduced the number of Bronsted acid sites and consequently catalytic activity.

Deep bed calcined Mordenite showed an enhancement of activity, which is thought to be a
result of the presence of an increased number of strong, extra-framework Lewis sites.
Steaming at 230 torr probably produced cationic EFAI species which could have a negative
effect on the amount of strong acidity due to their neutralisation of the strong framework
sites. This resulted in a slight loss in activity, but an increase in catalyst lifetime. The

EFAl-o produced by acid washing did not appear to affect the number or strength of



140 CHAPTER 4. DISCUSSION

catalytically active acid sites. They did seem, however, to have a slight negative effect on
the catalyst’s activity, possibly due to steric hindrances due to their location in the Mordenite

channels. The presence of strong acid sites was seen to increase the rate of deactivation.

Finally, these results did not show any evidence to support the hypothesis that the activity
of mildly steamed zeolites is enhanced by synergy between framework Bronsted sites and

extra-framework Lewis acid sites.
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4.2.2 External activity and shape selectivity

The effect of the different methods of dealumination on the external activity and shape
selectivity of Mordenite are discussed in this section. To assist this discussion, selected data
has been extracted from Tables 3.23, 3.24 and 3.25 and is presented in Tables 4.2 and 4.3.
The data in Table 4.2 shows the catalytic performance of a range of dealuminated H-
Mordenite samples. In the ensuing discussion all conversions, yields and selectivities are

referred to with reference to sample H(550).

Table 4.2 Cyclohexanol dehydration, 2,6-DIPN synthesis, isobutane cracking

activity and acidity of dealuminated Mordenite samples

Cyclohexanol 2,6-DIPN Isobutane cracking Strong acid sites”
Conv. Select. Yield 2,6/2,7V r,® S.®
Sample % % % mol.g".hr’ % mmol.g”
H(550) 4.1 40 1.0 1.9 20 92 1.54
H2 49 4 0.1 24 31 93 1.37
HE 7.3 13 0.1 6.3 19 83 1.41
CH 12.9 64 2.8 43 41 94 1.89
HS 2.8 60 2.3 4.0 19 86 0.90
HSO0.1 1.5 74 3.8 7.3 20 93 1.04
HSI1 2.5 64 2.0 7.8 28 92 0.98
HS5 16.5 59 2.3 7.6 13 89 0.62

(1) Ratio of 2,6-DIPN to 2,7-DIPN

(2) Initial rate of conversion of isobutane

(3) Selectivity to products formed over strong sites

(4) Number of strong acid sites as measured by the HTD peak of ammonia TPD

The shallow bed calcined H-Mordenite (H(550)) showed a steady state conversion of 4% for
cylohexanol dehydration, which is comparable to that seen by Karge et al. [1983] for acid
dealuminated Na-Mordenite (Si/Al = 19.9; conversion = 3%). Deep bed calcined H-
Mordenite on the other hand, shows a much greater amount of external acidity (13%

cyclohexanol conversion). Although this sample had identical structural characteristics to
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conversion, leads to reaction of naphthalene on the external sites and hence to external, non-
shape selective reactions and coking. Both factors would explain the sharp reduction in total

conversion and 2,6-DIPN yield.

Further acid washing of H-Mordenite showed a gradual decrease in cyclohexanol conversion
(Table 3.24), with a 3.6% conversion remaining after a 10 N acid wash. This would suggest
that a preference for surface dealumination by acid washing is not significant in the case of
H-Mordenite. Preferential removal of aluminium from the surface of zeolites during acid
washing has been reported to be a result of competition between the relative rates of
diffusion of the acid and the dealumination reaction [Sawa et al., 1989]. The lack of
evidence for the preferential surface dealumination is consistent with the large pore size of
Mordenite and the low concentration of acid allowing dealumination to occur freely

throughout the catalyst as has been reported by Meyers et al. [1988].

The low cyclohexanol conversion over the H-Mordenite acid washed series compared to Na-
Mordenite washed with 0.1 and IN acid suggests that, apart from the case of deep bed
calcined H-Mordenite, there was an acid site deficiency at the surface of ion-exchanged

samples.

It has been proposed that after steaming there is an increase in surface aluminium [Scherzer,
1984; Dwyer ef al., 1982]. However in this present work, steaming the hydrogen form of
the catalyst resulted in a decrease in the activity for cyclohexanol dehydration, which would
indicate that the removal of framework aluminium from the external surface had occurred.
This may indicate that the EFAIl produced by steaming, are either not active for this reaction
or did not migrate to the external surface. Since the EFAl-t produced by steaming are
expected to possess acidity it is likely that they are not present on the external surface.

Consistent with the cyclohexanol results, an increase in 2,6-DIPN/2,7-DIPN ratio was seen
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1968] and acid washing of steamed samples reportedly occurs at the pore mouths [Scherzer,
1984] and it is therefore quite possible that the increased activity was due to the widening
of pore mouth following dealumination [Sawa et al., 1988] and the creation of mesopores
[Dashevskii et al., 1978; Ajot et al., 1991]. Increased external surface area would be
expected to result from these structural changes and is consistent with the observed increase
in external acidity as well as the relatively high 2,6-DIPN yield despite a large decrease in
acidity. Both sample HE and sample HS5 showed increased selectivities to triisopropyl

naphthalenes supporting the evidence for the presence of mesopores.

Acid washing of Na-Mordenite showed interesting trend with respect to the external activity
of the samples. Cyclohexanol conversion and isobutane reaction rates for these samples are

shown in Table 4.3.

Table 4.3 Cyclohexanol conversion and isobutane cracking activity of

dealuminated Na-Mordenite samples

Cyclohexanol dehydration Isobutane cracking
Conversion Initial reaction rate
Sample % mol.g” hr”
Na 0.0 0.0
Na0.001 0.8 0.0
Na0.01 1.0 0.2
Na0.1 59 9.7
Nal 94 15.1
Na2 34 18.2
Nal0 1.8 39

As in the case of isobutane cracking, the sodium form (Na) showed no activity for
cylohexanol dehydration. Mild acid washing increased conversion as sodium was proton
exchanged. A conversion of 0.8% indicating the first significant surface activity was seen
after a 0.001N nitric acid wash. The same catalyst showed almost no activity for isobutane

cracking. This suggests that, assuming that cyclohexanol dehydration only takes place on
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4.3 STUDY OF THE NAPHTHALENE ISOPROPYLATION REACTION

A kinetic study of the isopropylation of naphthalene in a differential reactor was performed.
The sample HS0.1, which showed the greatest selectivity to 2,6-DIPN in autoclave tests, was
used is this study. The results of reactions performed under a range of temperatures and feed
conditions are given in Table 3.26. The equation r = k p,*° ppo'5 , Where p, and p, are the
partial pressures of naphthalene and propene respectively and r the rate of naphthalene
conversion, was found to fit these results closely. This equation was then used to determine

the reaction rate constant over a range of temperatures.

An Arrhenius plot of the natural log of the rate of naphthalene conversion [mol.s'.g"']

against inverse temperature [1/K] is shown in Figure 4.7.
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Figure 4.7 Plot of naphthalene conversion rate [mmolhr".g"] against inverse
temperature [1/K] for isopropylation of naphthalene over HS0.1

The reaction deviates from a straight line by deviating to lower rates at higher temperatures
and so appears to be diffusionally controlled. The slopes of the line fitted to the rates at low
temperatures is double that of the line fitted to the rates at higher temperatures, indicating

that the reaction is mass transfer controlled at higher temperatures [Smith, 1981]. Tha
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calculated activation energy for the reaction was therefore 25.2 kl.mol" with an apparent

activation energy of 12.6 kJ.mol™” at temperatures above 250°C.

This is also indicated by the increase in ratio of 2,6-DIPN to 2,7-DIPN from 3.3 at 225°C
to 12.5 at 300°C showing that the diffusion controlled shape selectivity becomes more

significant at high temperatures.
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S. CONCLUSIONS

As was outlined in Section 1.6, the objectives of this research were:

1. To conduct a systematic study of the effect of acid washing, steaming
and steaming followed by acid washing on a single batch of well
characterised Mordenite;

2. To characterise the solid state nature of the samples thus modified;

3. To characterise the acidity of these modified samples;

4. To characterise the catalytic properties of the samples;

5. To determine the method of treatment, acid washing and steaming and
combinations thereof, and the conditions these which are conducive
to the promotion of paticular acid sites and of particular catalytic

properties.

The conclusions drawn from this study with respect to these objectives are presented in this

section.

Steaming

Steaming of Mordenite at 230 and 1520 torr led to the production of large amounts of
EFAl-t. No relationship was found, however, between the crystallinity of the sample and
the amount of EFAI present and the maintenance of the sample’s crystallinity despite the
large extent of framework dealumination suggests that a degree of framework stabilisation
or annealing has taken place. The presence of EFAI-t reduced Bronsted acidity probably

by charge balancing with a single positive charge, but increased Lewis acidity.

Bronsted acidity was directly dependent on the framework aluminium content although the

effects of charge balancing cations such as Na' and EFAIl-t" had to be taken into account.
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dehydration reaction and their close association with framework aluminium as evidenced
by their effect on Bronsted acidity would suggest that these EFAl-t species are present

within the catalyst pores.

The EFAl-t species were easily removed by acid washing as acid washing removed more
aluminium from steamed samples than from their unsteamed counterparts. Low external
acidity was seen in steamed H-Mordenite and the EFAI-t are therefore probably localised
in the pores of the catalyst as is suggested by their probable association with framework

aluminium sites.

"Deep bed" calcination

Calcination of the catalyst, particularly in a "deep-bed" configuration, resulted in the
annealing of its crystalline structure, despite the creation of EFAl-o0. "Deep bed" calcination
produced a highly active catalyst as determined by isobutane cracking and the presence of
a large amount of strong Lewis acidity was observed. The total number of acid sites was
slightly more than to the total aluminium content and this observation together with a lack
of hydroxyl groups observed in the catalyst suggested that these Lewis sites have the form

AlO* or AI*.

The presence of these EFAL type sites increased catalytic activity for isobutane cracking by
exhibiting strong Lewis acidity which enhanced the initiation of the cracking reaction.
Increased activity of the "deep bed" calcined sample for cyclohexanol dehydration indicates
that these species may be present on the external surface of the catalyst. This effect
appeared to be similar to observations made for cracking reaction over mildly steamed
ZSM-5 and Zeolite-Y. The strong acidity, however, led to increased coking during the
isobutane cracking reaction and shorter catalyst lifetime for this reaction. The EFAI species

produced by the "deep bed" calcination could be hydrated with a wash in deionised water
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X-ray diffraction data
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Sample Na,
hi1k]]1 d-spacing 20 Intensity
012710 T10.26 8.60 689
21010 9.07 9.75 2603
3(3}0 4.530 19.60 2136
1[{5}0 4.005 22.20 4174
0(0]2 3.762 23.65 932
21012 3.480 25.60 6727
3(5160 3.395 26.25 4391
51111 3.227 27.65 4242
Sample Na,
hTk] 1 d-spacing 20 Intensity
01210 10.27 8.60 632
21010 9.07 9.75 2557
31310 4.529 19.60 2186
1(5]0 3.995 22.30 4330
0j]o]2 3.762 23.65 1491
21012 3.463 25.75 6787
31510 3.395 26.25 4300
5111 3.232 27.65 4136
Sample Na,
hTk| 1 d-spacing 26 Intensity
012710 10.28 8.60 622
21010 9.07 9.75 2564
31310 4.541 19.55 2183
1{5]60 4.004 22.25 4395
0{0]2 3.762 23.65 1008
21012 3.480 25.60 6798
31510 3.410 26.15 4346
5|11 3.232 27.60 4222
Sample Na0
hlk]1 d-spacing 20 Intensity
01210 10.28 8.60 656
21010 9.11 9.70 2594
3(31]60 4.541 19.55 2216
1{510 4014 22.15 4419
0jo|2 3.775 23.55 827
21012 3.487 25.55 6835
315160 3.402 26.20 4213
5(1]1 3.232 27.60 4224
Sample Na0.001
h[k]1 d-spacing 20 Intensity
01210 1028 8.60 649
21010 9.10 9.70 2536
313160 4.541 19.55 2121
115160 4.004 22.20 4431
0]01}2 3.769 23.60 836
21012 3.480 25.60 6909
315160 3.395 26.25 4259
5111 3.232 27.60 4261
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Sample Na0.01

hlk]1 d-spacing 20 Intensity
01210 10.26 8.60 680
21010 9.11 9.70 2809
3(310 4.541 19.55 2402
1{5]0 4.004 22.20 4943
0l0]2 3.769 23.60 892
2102 3.480 25.60 7372
3(510 3.395 26.25 4495
S{1]1 3.232 27.60 4394
Sample Na0.1
hlki{l d-spacing 20 Intensity
01210 10.28 8.60 612
210140 9.14 9.70 2607
31310 4.553 19.50 2402
15160 4.004 22.20 4944
01012 3.772 23.60 977
21012 3.480 25.60 6782
315160 3.402 26.20 4030
S511)1 3.244 27.50 4273
Sample Nal
hlk]|1 d-spacing 20 Intensity
01210 10.23 8.65 364
21010 9.09 9.75 3450
31310 4.530 19.60 2938
1{5]0 3.987 22.30 5443
010412 3.761 23.65 1155
21012 3473 25.65 8011
315460 3.389 26.30 4259
S11]1 3.238 27.55 4332
Sample Na2
hik]1 d-spacing 20 Intensity
01210 10.21 8.65 932
210(60 9.09 9.75 4143
31310 4.529 19.60 3502
1510 3.978 22.35 6339
0j0|2 3.754 23.75 1243
21012 3473 25.70 8622
31510 3.389 26.30 4541
S{1]1 3238 27.55 4640
Sample Na5
hik]|1] d-spacing 20 Intensity
01210 10.25 8.60 560
21010 9.64 9.15 1539
31310 4.553 19.55 1935
1510 3.996 22.25 3489
010712 3.764 23.65 777
21042 3.480 25.60 5391
31510 3.395 26.25 3139
Si1)1 3.238 27.55 3482
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Sample NaS
hlTk] 1 d-spacing 20 Intensity
01210 10.18 8.70 626
21010 9.04 9.80 2316
31310 4.518 19.65 2015
11510 3.987 22.30 3988
01012 3.753 23.75 850
21012 3.467 25.70 5894
31510 3.389 26.30 3742
S{1}1 3.221 27.70 4043
Sample NaS0
hTk] 1 d-spacing 20 Intensity
01210 10.28 8.00 606
21010 9.08 9.75 2099
31310 4.530 19.60 1963
1{51]0 3.996 2225 3703
0]0]2 3.769 23.60 832
21012 3.487 25.60 5773
31510 3.395 26.25 3588
St11 3.227 27.65 3826
Sample NaS0.01
hTk{1 d-spacing 20 Intensity
0 0 10.26 8.60 607
21010 9.07 9.75 2447
31310 4.530 19.60 2163
1510 3.996 22.25 4070
0jo{2 3.764 23.65 870
21012 3.487 25.60 6036
31510 3.395 26.25 3805
S11|1 3.227 27.65 3888
Sample NaS0.1
hTk{|l d-spacing 20 Intensity
07210 10.25 8.60 604
210]0 9.07 9.75 2728
31310 4.530 19.60 2429
11510 3.987 22.30 4685
0j0]|2 3.758 23.65 976
21012 3.480 25.65 6771
31510 3.39 26.30 3986
SI1]1 3.232 27.60 4046
Sample NaS1
hk]1 d-spacing 20 Intensity
01210 10.22 8.65 699
21010 9.08 9.75 2773
3310 4.530 19.60 2564
11510 3.987 22.30 4650
01012 3.756 23.70 951
21012 3.480 25.65 6595
31510 3.39 26.30 3613
50111 3232 27.60 4189
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Sample NaS2
hlk[1 d-spacing 20 Intensity
012710 10.77 8.60 861
2)101]0 9.16 9.65 3384
313¢t0 4.552 19.50 2875
1510 3.987 22.30 5585
01012 3.779 23.55 848
21012 3.480 25.60 7058
31510 3.389 26.30 4114
51111 3.232 27.60 4339
Sample NH,
hlk}l d-spacing 20 Intensity
01270 10.27 8.60 1182
21010 9.11 9.70 3662
31310 4.541 19.55 2822
1510 3.995 22.25 5233
0]0{2 3.762 23.65 891
21012 3473 25.70 7419
31510 3.395 26.25 4169
5{11]1 3.232 27.60 4528
Sample H(550)
hfk([1I d-spacing 20 Intensity
07210 1027 §.60 1241
21010 9.11 9.70 3360
31310 4.541 19.55 2662
1i51]0 4.005 2220 4664
0j]0{2 3.764 23.65 831
2]10]2 3.480 25.60 6914
31510 3.402 26.20 3801
591111 3.232 27.60 4331
Sample HO
h KT d-spacing 20 Intensity
01270 10.24~ 8.65 1190
21010 9.10 9.70 3487
31310 4.530 19.60 2771
11510 3.987 22.30 4939
0j]o0f2 3.756 23.65 896
2101)2 3.467 25.70 7150
3{51]0 3.389 26.30 3851
51111 3.232 27.60 4139
Sample H0.001
hik]1 d-spacing 20 Intensity
01210 10.21 8.65 2019
2]0}0 9.10 9.70 5246
3130 4.530 19.60 3751
1{5]0 3.987 22.30 6336
0j01]2 3.758 23.65 1205
2102 3.473 25.65 8929
31510 3.389 26.30 4635
51111 3.232 27.60 4798
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Sample H0.01
hlkjl d-spacing 20 Intensity
012710 10.22 8.6 1387
21010 9.10 9.70 3959
31310 4.530 19.60 3060
1510 3.987 22.30 5306
01012 3.756 23.65 996
21012 3.467 25.70 7120
31510 3.389 26.30 3875
S{1]1 3.232 27.60 4212
Sample HO.1
hlk]1 d-spacing 20 Intensity
01210 10.22 8.65 1149
2|0}0 9.09 9.70 3382
31310 4518 19.65 3112
1{5]0 3.978 2235 5519
0jo|2 3.751 23.70 997
210]2 3.467 25.70 7828
31510 3.383 26.35 4368
S|}l 3.227 27.65 4703
Sample HI
hlk|1 d-spacing 26 Intensity
01210 1022 8.65 TOT3
21010 9.09 9.70 3452
31310 4.529 19.60 3025
11510 3.978 22.35 5423
0j0]2 3.754 23.70 1109
27012 3473 25.70 7788
315160 3.389 26.30 4115
5111 3.238 27.65 4311
Sample H2
hiki]l d-spacing 20 Intensity
01210 10.21 8.65 1169
210470 9.09 9.70 3792
31310 4518 19.65 3152
1510 3.969 22.40 5241
0j0]2 3.749 23.75 1019
21012 3.467 25.70 7859
31510 3.383 26.35 4010
S| 3.232 27.60 4078
Sample HS
hlk]l1 d-spacing 20 Intensity
01210 1022 8.65 897
21010 9.10 9.70 3148
3(310 4.541 19.55 2812
15160 3.978 22.35 4908
olo|2 3.754 23.70 1063
21012 3.473 25.70 7200
3151060 3.389 26.25 3933
S1111 3.238 27.65 4103
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Sample CHO0.01
hik]1 d-spacing 20 Intensity
0172710 10.22 8.65 1042
21010 9.10 9.70 3382
31310 4.529 19.60 3324
1§{5(0 3.978 22.35 6281
0(0]2 3.746 23.75 1048
2102 3.466 25.75 8640
31510 3.382 2625 4618
S|1]1 3.232 27.60 4980
Sample CHO.1
h1k]|1 d-spacing 20 Intensity
012710 10.22 8.65 993
21010 9.10 9.70 3089
31310 4.529 19.60 2793
1{5]60 3.978 22.35 5237
0jo0]2 3.746 23.75 944
21012 3.466 25.75 7446
31510 3.382 26.25 4033
SI11]1 3.226 27.65 4259
Sample CHI1
hlk]]1] d-spacing 20 Intensity
01270 10.22 8.65 T1719
21010 9.09 9.70 3325
31310 4518 19.65 2909
1510 3.978 22.35 5077
0{0]2 3.746 23.75 993
210142 3.466 25.75 7447
31510 3.382 26.25 4068
SI11]1 3.232 27.60 4244
Sample HS
h1k] 1 d-spacing 20 Intensity
01210 10.26 8.60 2058
21010 9.10 9.70 6156
31310 4.529 19.60 3379
1{5]0 3.995 22.25 5571
0(0]2 3.762 23.65 1012
21012 3.473 25.70 7781
31510 3.389 26.25 3801
S{141 3.232 27.60 4009
Sample HSO
hik]1 d-spacing 20 Intensity
0]2710 1025 8.60 1258
210160 9.10 9.70 4182
31310 4.529 19.60 3153
1]5]0 3.987 22.30 5417
0(0]2 3.754 23.70 927
21012 3.466 25.75 7493
31510 3.389 26.25 4034
S|T]1 3.226 27.65 4345
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Sample HS0.01

hlk]|1 d-spacing 20 Intensity
0712710 10.25 8.60 1322
21010 9.10 9.70 4177
31310 4529 19.60 2932
115]0 3.987 22.30 5084
0j]0]2 3.754 23.70 958
2102 3.466 25.75 6833
31510 3.389 26.25 3506
51111 3.226 27.65 3947
Sample HS0.1
hlk]l1 d-spacing 20 Intensity
012710 10.25 3.60 1564
2101}0 9.10 9.70 4729
31310 4.529 19.60 3005
1]15]0 3.978 22.35 5265
0j0]2 3.754 23.70 1002
2102 3.466 2575 6967
31510 3.389 26.25 3668
5111 3.266 27.65 3996
Sample HS1
hlk[] d-spacing 20 Intensity
0 0 10.24 8.65 To6T1
21010 9.10 9.70 4693
31310 4.529 19.60 2889
1]5]0 3.987 22.35 4822
0]0}2 3.754 23.70 992
21012 3.466 25.75 6566
315160 3.382 26.35 3411
51111 3232 27.60 3798
Sample HS2
hlk}|1 d-spacing 20 Intensity
012710 10.21 8.65 1457
21010 9.07 9.75 4475
313]0 4518 19.65 3304
11510 3.978 2235 5722
0107)2 3.747 23.75 1061
21012 3.466 25.75 7925
350 3.382 26.35 4209
5711 3.226 27.65 4488
Sample HSS
hlk]1 d-spacing 20 Intensity
01270 10.2T 8.65 1974
21010 9.09 9.75 5093
31310 4.518 19.65 2996
11510 3.969 22.40 4538
0102 3.746 23.70 1044
21012 3.460 25.75 6119
31510 3.376 26.40 3145
5111 3.220 27.70 3525
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Sample HSSO
hlk]]l1 d-spacing 20 Intensity
01210 1021 8.65 2036
21010 9.05 9.80 5559
31310 4.506 19.70 3222
11510 3.969 22.40 5073
0jo0f2 3.739 23.80 1132
21012 3.460 25.75 6596
31510 3.376 26.40 3444
5111 3.220 27.70 3789
Sample HSSO0.1
hik]1 d-spacing 20 Intensity
01210 10.16 8.70 1995
21010 9.05 9.80 5313
31310 4.506 19.70 3290
11510 3.969 22.40 4849
01012 3.739 23.80 1129
21012 3.453 25.80 6503
31510 3.370 26.45 3402
5111 3220 27.70 3820
Sample HSSI
hlk]l d-spacing 20 Intensity
012710 10.16 8.70 1384
21040 9.05 9.80 4855
31310 4.506 19.70 3131
1|50 3.969 22.40 4791
0]10]2 3.739 23.80 1092
21012 3.453 25.80 6497
31510 3.370 26.45 3362
5111 3.220 27.70 3684
Sample HSS2
nhlkll d-spacing 20 Intensity
012710 10.16 8.70 1740
21010 9.05 9.80 4909
3(31]60 4.506 19.70 3076
11510 3.969 22.40 4535
0j]0]2 3.739 23.80 994
21012 3.453 25.80 6147
315160 3.370 26.45 3110
5111 3.220 27.70 3488
Sample HSSS5
hlk]1 d-spacing 20 Intensity
012710 10.16 8.70 2137
21010 9.05 9.80 5427
313160 4.506 19.70 3426
I1]5]60 3.969 22.40 5049
0jo]2 3.739 23.80 1107
2102 3.453 25.80 6728
31510 3.370 26.45 3655
51111 3.220 27.70 3885
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2Si MAS NMR Spectra
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All figures show 29Si MAS NMR spectra with intensity plotted against chemical shift from

-20 to -180 ppm
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27A1 MAS NMR Spectra
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Infra-red spectra of catalyst fingerprint region
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— t + t T + i
1300. 0 1150. 0 1000. 0 es0. 00 700. 00 s50. ao 400. 00
WAVENUMBER (CM-13

Spectra of acid washed Na-Mordenite: Na (Bottom), Na0, Na0.001, Na0.01, Na0.1, Nal, Na2, Na5 and Na2S
(Top)
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Spectra of steamed and then acid washed Na-Mordenite: NaS (Bottom), NaS0, NaS0.01, NaS0.1, NaSI and
NaS2 (Top)
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+ t t
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Spectra of mildly steamed and then acid washed H-Mordenite: HS (Bottom), HS0, HS0.01, HS0.1, HS2 and

HS5 (Top)
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Spectra of severely steamed and EDTA washed H-Mordenite: HSS (Bottom), HSS10 and HE (Top)
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Response curves of temperature programmed
desorption of ammonia
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Infra-red spectra of pyridine desorption
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Sample Na0.1: Base (Bottom) and pyridine adsorbed at 100, 200, 300, 400, 500 and 600°C
(Top)
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4 i (1 Y s 4 i
¥ T T T T T T T 1
1701. 4 1882, 8 16232, 8 1884. 7 1348. 8 1808, 8 l48m.0 1420. 1 1390. 3 1381, 4

Sample CH: Base (Bottom) and pyridine adsorbed at 100, 200, 300, 400, 500 and 6060°C
(Top)

— + t + + } —+ + +— ~+
1700. 7 1e81. 0 1822. ® 1894.0 18948 3 1808. 2 1487.3 1428. 8 1988. 9 1980. 7

WAVENUMBER H-1)

Sample CHO: Base (Bottom) and pyridine adsorbed at 100, 200, 300, 400, 500 and 650°C
(Top)



192 APPENDIX VI

N
-1

T T ¥ —- T + 4+ } 1
1700, Q 1801. 3 ieaz. a 1883. 8 1944, 4 1308. 3 14B0. 7 1427.® 18ee, 8 18350.0
WAVENUMBER <(CM—1)

Sample HS: Pyridine adsorbed at 100 (Bottom), 200, 300, 400, 500 and 600°C (Top)

1 % + 4 4 4

r ¥ ¥ T T T T T T —

1700. 7 ie81. 0 1822. @ 18984.0 1848. 1 1808. 2 1487. % 1420, 3 1388.0 1880, 7
WAVENUMBER (Ch~1)

Sample HS1: Base (Bottom) and pyridine adsorbed at 100, 200, 300, 400, 600 and 700°C
(Top)
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I M
L) L] T ) T T y T 1
1700.7 1081.8 1022. 8 1584.0 1548. 1 1808. 2 1487.3 1429. 5 1380. 8 19%0. 7
YAVENUMBER <CM—1)

Sample HSS: Base (Bottom) and pyridine adsorbed at 100, 200, 300, 400, 500 and 525°C
(Top)






APPENDIX VII

Sample calculation for conversion and
selectivity of isobutane cracking
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Conversion rates reported refer to the conversion of isobutane based on carbon number.
As was specified in Chapter 3, intial conversion rates were determined using an empirical
equation with three variables. Product selectivities varied slightly as the catalyst
deactivated and the selectivities are reported at initial conditions (i.e. those observed at

the first data point), usually after ninety seconds.

A typical product spectrum (that of the isobutane cracking reaction over sample HS after

two minutes online) is shown below:

3.47%6

6.549

Peak allocations based on observed retention times with corresponding area counts and

response factors are shown in Table VII.1
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In the example in Table VII.1, the left side of the equation is known to be 0.070 C,..hr"
and the right side calculated to be 0.068 C,,...hr", giving an error of 98%. Mass balances
of greater than 95% were considered prerequisites for a valid analysis. The conversion rate

for each analysis was then determined by:

Values of r and t were then fitted to the empirical equation

r
o

r:
1+bt"

by least squares optimisation taking into account a dead time of 1.5 min between reactor

and sample port. The initial conversion rate (r,) was thus calculated.
Selectivities to each product were calculated on a carbon basis. This was to esure that the

selectivity calculated for each product represented the amount of isobutane converted to

that product.

To calculate Sw, the values of Sypmane Spropene @0d Spyenes Were summed.
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Reaction data for isobutane cracking
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Sampie Na
Time [min] 1.50 21.40 86.50 103.51 119.88
Rate {moifg/hr] 0.0 0.0 0.0 0.0 0.0
Mode! [mol/g/hr) 0.0 0.0 0.0 0.0 0.0
Conversion [%) 0.9 t1 0.9 1.0 0.6
Selectivity (w) %) 8.3 421 1.3 8.7 107
Product tlow [mmol/g/hr]
Methane 0.003 0.002 0.002 0.002 0.004
Ethane 0.000 0.000 0.000 0.000 0.000
Ethene 0.000 0.000 0.000 0.000 0.000
Propane 0.008 0.005 0.014 0.015 0.019
Propene 0.000 0.000 0.000 0.000 0.000
isobutane 44,254 | 44.135 42.468 44719 43.811
n-Butane 0.024 0.016 0.048 0.055 0.069
t-2-Butene 0.000 0.000 0.000 0.000 0.000
1-Butene 0.000 0.000 0.000 0.000 0.000
Isobutene 0.032 0.099 0.003 0.039 0.025
2-c-Butene 0.000 0.103 0.000 0.000 0.000
Pentanes 0.357 0.260 0.329 0.355 0.154
Hexane 0.341 0.241 0.341 0.341 0341
Carbon Balance %] 101.0 100.9 96.9 102.2 99.7
Sampie Na0.001
Time imin} 2.00 19.97 52.68 68.28 84.65 100.28 115.90
Rate [mol/g/hr] 00 0.0 0.0 0.0 0.0 0.0 0.0
Model [moifg/hr} 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Conversion [%] 1.2 19 13 1.5 0.6 03 0.2
Selectivity (w) (%] 0.0 41.9 0.7 8.4 10.7 17.1 19.1
Product flow [mmol/g/hr)
Mathane 0.000 0.000 0.000 0.000 0.004 0.000 0.000
Ethane 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ethene 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Propane 0.000 0.008 0.022 0.023 0.019 0.025 0.017
Propene 0.000 0.000 0.000 0.000 0.000 0.000 0.000
isobutane 41583 | 43.591 44.225 45,126 43.811 43.419 42313
n-Butane 0.000 0.028 0.073 0.084 0.089 0.058 0.052
t-2-Butene 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1-Butene 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Iscbutene 0.000 0.171 0.005 0.059 0.025 0.021 0.018
2-c-Butene 0.000 0.177 0.000 0.000 0.000 0.000 0.000
Pentanes 0.466 0.446 0.505 0.543 0.154 0.020 0.000
Hexane 0.241 0.341 0.341 0.341 0.241 0.341 0.341
Carbon Balance [%]) 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Sample Na0.01
Time {min) 13.95 45.35 63.97 82.23 0.00 0.00 0.00
Rate [mol/g/hr] 0.2 0.2 0.2 0.2 0.0 0.0 0.0
Modet [mol/g/hr} 0.2 0.2 0.2 0.2 0.0 0.0 0.0
Conversion [%]) 04 0.4 0.4 0.4 0.0 0.0 0.0
Selectivity (w) {%) 63.7 721 74.4 775 0.0 0.0 0.0
Product flow [mmoi/g/hr}
Methane 0.005 0.006 0.007 0.006 0.000 0.000 0.000
Ethane 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ethene 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Propane 0.024 0.025 0.027 0.028 0.000 0.000 0.000
Propene 0.024 0.020 0.018 0.021 0.000 0.000 0.000
Iscbutane 68.137 | 64.340 65.574 68.555 0.000 0.000 0.000
n-Butane 0.000 0.000 0.000 0.000 0.000 0.000 0.000
t-2-Butene 0.025 0.026 0.028 0.028 0.000 0.000 0.000
1-Butene 0.011 0.014 0.014 0.014 0.000 0.000 0.000
Isobutene 0.102 0.108 0.108 0.109 0.000 0.000 0.000
2-c-Butene 0.014 0.018 0.018 0.018 0.000 0.000 0.000
Pentanes 0.079 0.048 0.039 0.028 0.000 0.000 0.000
Hexane 3.650 3.650 3.650 3.850 0.000 0.000 0.000
Carbon Batance (%) 99.7 97.0 98.8 103.3 100.0 100.0 100.0
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S Na0.1
Tlm.r [min) 1.50 23.77 49.53 73.52 93.48 118.95 135.28 151.00 166.77
Rate {moi/g/hr} 9.6 8.9 79 7.4 7.0 6.7 6.3 6.2 6.1
Model {moi/g/hr} 9.6 8.7 8.0 7.4 71 6.6 6.4 6.2 6.0
Conversion %) 19.0 17.6 15.6 147 13.9 13.4 12.6 123 12.0
Selactivity (w) %) 12.8 12.9 134 13.5 13.7 14.2 14.0 14.1 14.1
Product tlow [mmotrg/hr)
Methane 0.185 0.170 0.158 0.162 0.158 0.150 0.155 0.151 0.148
Ethane 0.071 0.062 0.052 0.051 0.046 0.040 | - 0.041 0.039 0.037
Ethene 0.750 0.666 0.571 0.568 0.540 0.485 0.498 0.467 0.465
Propane 5473 4.663 3.838 3.857 3.399 3.043 3.047 2.952 2.832
Propene 0.801 0.682 0814 0.610 0.582 0.554 0.554 0.524 0519
Isobutane 54.829 | 52.638 53.592 56.708 58.282 58.153 60.982 60.765 60.809
n-Butane 3.047 2.875 2.656 2.699 2.637 2.490 2.537 2.508 2.452
t-2-Butene 0.222 0.203 0.185 0.175 0.173 0.165 0.159 0.164 0.158
1-Butene 0.080 0.082 0.078 0.078 0.078 0.073 0.075 0.072 0.072
iscbutene 0.353 0.314 0.294 0.295 0.294 0.288 0.287 0.264 0.277
2-c-Butene 0.130 0.129 0.122 0.120 0.118 0.112 0.114 0.112 0.111
Pentanes 1.714 1.430 1.320 1.348 1.349 1.256 1.280 1.227 1.230
Hexane 3.079 3.079 3.079 3.079 3.079 3.079 3.079 3.079 3.079
Carbon Bailance (%] 1013 968.0 95.0 99.5 101.3 97.0 104 4 103.7 103.2
Sample Nay
Time {min] 1.50 18.15 40.02 55.53 70.88 433.53
Rate {mol/g/hr) 148 14.0 122 11.4 11.0 8.7
Modet {moi/g/hr] 14.8 13.4 12.3 1.7 11.2 6.5
Conversion %) 29.2 28.0 248 23.0 222 13.4
Selectivity (w) %) 11.0 111 12.1 12.5 12.8 22.2
Product flow [mmol/g/hr}
Mathane 0.234 0.258 0.287 0.258 0.249 0.154
Ethane 0.118 0.118 0.108 0.093 0.085 0.023
Ethene 0.898 0.938 0.917 0.858 0.822 0.367
Propane 10.082 8.172 7.145 8.263 5.828 2.249
Propene 0.887 0.890 0.889 0.813 0.810 0.584
Iscbutane 48.453 | 46.195 50.545 51.235 52.035 57.670
n-Butane 4.855 4315 4317 4.205 4130 2.868
t-2-Butene 0.205 0.229 0.217 0.214 0.214 0.244
1-Butene 0.086 0.108 0.110 0.110 0.104 0.101
Isobutens 0.316 0.357 0.373 0.371 0.374 0572
2-c-Butene 0.126 0.151 0.152 0.152 0.151 0.320
Pentanes 2,405 2.454 2,018 1.954 2.050 1.412
Hexane 371 3.731 3.731 3.7 3.731 3.7
Carbon Balance %] 102.8 96.3 100.8 99.9 100.3 99.9
Sample Na2
Time {min) 2.50 29.90 49.52 68.80 92.90 108.15 124.75 142.25 167.73
Aate [mol/g/hr} 17.6 14.9 133 125 11.3 109 10.4 9.9 9.5
Modeli [moi/g/hr} 17.7 14.7 13.4 125 11.4 10.9 10.4 9.9 9.3
Conversion {%} 356 30.1 28.9 25.2 228 220 209 20.0 19.1
Selectivity (w) (%) 9.3 10.1 10.8 111 11.7 12.8 12.4 12.8 12.8
Product flow [mmol/g/he)
Methane 0.408 0.341 0.308 0.288 0.260 0.251 0.249 0.238 0.221
Ethane 0.211 0.160 0.130 0.112 0.091 0.084 0.077 0.072 0.082
Ethene 1.403 1.149 1.020 0.944 0.834 0.805 0.789 0.730 0.677
Propane 14.033 | 10.423 8.497 7.348 8.214 5.768 5.339 4914 4531
Propene 1.123 0.944 0.882 0.811 0.754 0.740 0.724 0.697 0.878
{sobutane 44.428 | 47.807 48.847 49.358 50.451 50.960 51.524 52.182 52.000
n-Butane 4.6681 4.719 4.4684 4.264 4.048 3.973 3.872 3.798 3.8622
t-2-Butene 0.205 0.207 0.182 0.179 0.180 0.177 0.187 0.159 0.154
1-Butene 0.072 0.079 0.078 0.078 0.075 0.078 0.071 0.072 0.073
Isobutene 0.348 0.368 0.352 0.354 0.339 0.445 0.355 0.354 0326
2-c-Butene 0.138 0.140 0.131 0131 0.12¢ 0.158 0.118 0.119 0.118
Pentanes 1918 2.009 1.994 2.075 1.043 1.913 1.879 1.864 1.831
Hexane 2.393 2.393 233 238 2383 23983 2393 2393 2383
Carbon Balance %) 103.5 102.7 100.4 99.0 98.0 98.1 97.8 97.8 96.5
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Sampie Nat0
Time {min} 2.33 3.00 437 5.00 8.00 20.00 52.50 71.50 84.00 146.00
Rate {mol/g/hr] 3.8 3.8 3.8 3.8 3.8 3.7 3.5 3.3 3.3 3.1
Model [moi/g/hr] 3.8 3.8 3.8 3.8 3.8 3.7 35 3.4 3.3 3.1
Conversion %] 7.7 7.8 76 7.8 77 73 74 6.7 6.7 6.2
Selectivity (w) (%) 11.0 111 113 11.7 12.9 133 143 13.7 16.5 13.4
Product flow {mmot/g/hr]
Methane 0.128 0.138 0.125 0.146 0.153 0.124 0.157 0.119 0.157 0.104
Ethane 0.029 0.041 0.037 0.040 0.034 0.028 0.028 0.018 0.023 0.020
Ethene 0.275 0.277 0.262 0.285 0.292 0.253 0.267 0.219 0.252 0.183
Propane 1.587 1.678 1.625 1.744 1.660 1.543 - 1.447 1.338 1.229 1.209
Propene 0.214 0.235 0.222 0.240 0.244 0.252 0.251 0.230 0.269 0.206
Isobutane 59.195 | 63.195 61.010 64.440 62.501 62.355 63.979 62.307 60.704 63.386
n-Butane 1.591 1.686 1.619 1.706 1.664 1.609 1.569 1.476 1.374 1.440
t-2-Butene 0.030 0.032 0.037 0.037 0.049 0.051 0.050 0.049 0.0468 0.048
1-Butene 0.017 0.019 0.018 0.020 0.028 0.030 0.028 0.023 0.028 0.022
{sobutene 0.132 0.127 0.142 0.150 0.167 0.166 0.173 0.158 0.181 0.146
2-c-Butene 0.023 0.024 0.023 0.027 0.029 0.032 0.038 0.038 0.034 0.035
Pentanes 0.898 0.917 0.913 0.923 0.890 0.857 0.848 0.805 0.747 0.768
Hexane 2.068 2.068 2.068 2.068 2.068 2.068 2.068 2.068 2.068 2.068
Carbon Balance (%) 96.2 102.6 99.1 104.7 101.8 101.0 103.3 100.2 97.8 101.4
Sample Na$
Time {min) 1.50 19.83 56.60 73.20
Rate {mol/g/hr] 0.0 0.0 0.0 0.0
Model [mol/g/hr} 0.0 0.0 0.0 0.0
Conversion %] 0.2 0.1 0.1 0.2
Selactivity (w) (%] 51.6 48.9 14.9 55.0
Product flow [mmol/g/hr]
Meathane 0.004 0.002 0.003 0.002
Ethane 0.000 0.000 0.000 0.000
Ethene 0.000 0.000 0.000 0.000
Propane 0.010 0.007 0.014 0.015
Propense 0.000 0.000 0.000 0.000
lsobutane 44254 | 44.135 42.468 44.719
n-Butane 0.017 0.008 0.013 0.010
t-2-Butene 0.000 0.000 0.000 0.000
1-Butene 0.000 0.000| 0.000 0.000
isobutens 0.032 0.014 0.003 0.039
2-c-Butene 0.000 0.000 0.000 0.000
Pentanes 0.006 0.002 0.007 0.009
Hexane 0.341 0.341 0.341 0.341
Carbon Balance %) 100.2 99.9 96.1 101.3
Sample NaS0.1
Time [min] 1.50 20.13 36.35 63.85 80.05 102.18
Rate {mol/g/hr) 0.1 0.1 0.1 0.1 0.1 0.1
Modei [moi/g/hr} 0.1 0.1 0.1 01 0.1 01|
Conversion [%] 0.2 0.2 03 0.2 0.2 03
Selectivity (w) %] 735 73.0 -82.8 79.6 79.1 83.0
Product flow [mmol/g/hr)
Methane 0.008 0.014 0.017 0.015 0.016 0.014
Ethane 0.000 0.000 0.000 0.000 0.000 0.000
Ethens 0.000 0.000 0.000 0.000 0.000 0.000
Propane 0.038 0.031 0.030 0.029 0.030 0.027
Propene 0.071 0.042 0.045 0.042 0.045 0.044
Isobutane 66.129 { 69.739 67.968 68.035 68.537 63.503
n-Butane 0000] 0000| 0000| o0000| 0000( 0000
t-2-Butene 0.017 0.000 0.014 0.019 0.017 0.014
1-Butene 0.000 0.000 0.000 0.000 0.000 0.000 .
Isobutene 0.009 0.029 0.071 0.038 0.038 0.062
2-c-Butene 0.000 0.000 0.000 0.000 0.000 0.000
Pentanes 0.000 0.000 0.000 0.000 0.000 0.000
Hexane 1.658 1.858 1.658 1.658 1.858 1.658
Carbon Balance %} 995 | 1049 102.3 '102.3 103.1 95.6
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Sampie NaS1
Time {min) 0.50 50.20 66.08 84.67 121.30 151.15 173.88
- Rate {mol/g/hr] 6.8 5.7 S5 5.2 49 4.9 48
Mods! {mol/g/hr} 6.8 5.8 5.6 5.4 5.1 48 4.7
Conversion (%} 13.6 1.4 141 105 9.9 9.7 9.6
Selectivity (w) {%]) 11.8 14.3 14.4 14.7 15.1 15.4 15.2
Product flow [mmol/g/hr]
Methane 0.232 0.143 0.155 0.145 0.135 0.131 0.128
Ethane 0.063 0.039 0.039 0.035 0.029 0.027 0.025
Ethene 0.633 0.423 0.425 0.385 0.348 0.332 0.323
Propane 3.979 2,618 2.657 2374 2127 2.081 | ~ 1.985
Propene 0.533 0.458 0.454 0.428 0.399 0.387 0.378
lsobutane 57.663 | 58.585 61.442 60.941 60.080 60.466 598.533
n-Butane 2.104 2173 2313 2.214 2.091 2.088 2.042
t-2-Butene 0.072 0.128 0.128 0.121 0.117 0.122 0.11¢9
1-Butene 0016 | 0.044 0048 | 0.047 0.048 0.048 0.048
{sobutene 0.170 0.222 0.235 0.229 0.217 0.223 0.209
2-c-Butene 0.043 | 0.083 0.088 0.084 0.080 0.083 0.082
Pantanes 1.213 1.191 1.127 1.089 1.017 1.015 0.896
Hexane 2.539 2.539 2539 2.539 2.539 2.539 2539
Carbon Balance {%] 100.1 99.2 103.7 102.2 100.1 100.6 98.9
Sampie NaS2
Time {min) 1.50 34.13 50.18 69.57 86.63 109.95 155.20 172.97 189.58
Rate {mol/g/hr} 10.7 9.4 8.5 8.4 8.1 7.7 71 8.8 65
Model [mol/g/hr) 10.7 9.3 8.8 8.4 8.0 7.6 7.0 6.8 6.6
Conversion %] 21.4 18.7 16.9 16.7 16.1 154 141 13.8 13.0
Selectivity (w) (%} 12.0 12.6 13.1 13.2 135 13.7 14.4 143 148
Product flow {mmol/g/hr}
Methane 0.253 0.196 0.184 0.183 0.179 0.168 0.153 0.151 0.150
Ethane 0.089 0.059 0.051 0.047 0.043 0.037 0.031 0.028 0.027
Ethens 0.998 0.68S 0823 0.590 0.582 0515 0.438 0.418 0.403
Propane 6.014 4.539 3.988 3.779 3.580 3.204 2774 2.633 2.487
Propene 0.751 0.686 0.638 0.621 0.607 0.568 0.528 0.503 0.499
Isobutane 52.354 | 53.694 55.525 54.885 55.71 54.422 54.792 55.181 55.983
n-Butane 3.738 3.632 3.451 3432 3.394 3.180 2.958 2.900 2834
t-2-Butene 0.102 0.172 0.167 0.188 0.165 0.146 0.157 0.146 0.141 |
1-Butene 0.035 0.065 0.064 0.065 0.066 0.065 0.082 0.062 0.082
Isobutene 0.256 0313 0.310 0.311 0.313 0.297 0.288 0.279 0.284
2-c-Butene 0.066 0.114 0.113 0.110 0.114 0.109 0.108 0.102 0.103
Pentanes 1.940 1.881 1.724 1.716 1.690 1.603 1.481 1.433 1.401
Haxane 2.441 2.441 2.441 2.441 2.44¢ 2441 2441 2.441 2.441
Carbon Balance [%) 100.0 99.1 100.3 98.9 99.7 96.5 95.7 95.6 96.6
Sample Nas5
Time {min} 1.50 4.00 25.00 42.00 85.87 149.00
Rate {mol/g/hr} 23 2.0 1.8 1.4 1.1 1.2
Model {mol/g/hr} 2.2 2.1 1.6 1.4 1.2 1.0
Conversion [%} 31.8 28.1 23.0 20.1 18.8 17.4
Selectivity (w) {%) 9.1 9.4 11.2 12.0 12.8 14.9
Product flow [mmol/g/hr)
Methane 0.498 0.384 0.388 0.344 0.325 0.308
Ethane 0.294 0.145 0.117 0.103 0.093 0.042
Ethene 0.955 0.919 0.865 0.722 0.580 0.502
Propans 11.827 9.576 6.913 5418 4.148 3519
Propene 0.864 0.769 0.731 0.652 0.573-| . 0.662
isobutane 44.968 | 47.852 50.617 50.837 54.659 58.253
n-Butane 4174 4.441 3.755 3.335 3.200 4.049
t-2-Butens 0.123 0.140 0.127 0.119 0.115 0.181
1-Butene 0.051 0.054 0.055 0.052 0.048 0.079
- {sobutene 0.271 0.308 0.295 0.274 0.245 0.415
2-c-Butene 0.089 0.103 0.098 0.089 0.085 0.131
Pentanes 1.635 1.884 1.807 1.681 1.837 1.998
Hoxane 2.920 2.920 2.920 2.920 2.920 2.920
Carbon Balance [%) 98.7 99.9 98.7 955 98.6 102.3
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Samp H(550)
Time {min] 0.67 1.50 2.00 450 23.00 60.00 8450 | 13542 | 183.00
Rate [mol/g/hr] 18.8 18.6 18.0 16.0 1.1 7.4 6.1 5.0 4.1
Model [moi/g/hr] 19.1 18.3 17.9 16.3 11.0 7.4 63 4.8 4.1
Conversion %] 377 37.2 36.1 32.0 22.2 14.9 12.2 10.0 8.2
Salectivity (w) %] 8.4 6.2 6.8 7.1 95 11.8 11.9 15.0 14.6
Product flow [mmol/g/hr]
Methane 0565 | 0.414 0.439 0.347 0.383 0.293 0.242 0.261 0.178
Ethane 0.350 | 0.320 0.308 0.215 0.162 0.085 0.080 0.047 0.034
Ethene 1.619 | 1.096 1.101 0.827 0.813 0.545 0.402 0.371 0.235
Propane 16536 | 15.994 | 14966} 11.711 7.364 3.700 2.865 2.023 1.419
Propene 1077 | 0696 0.716 0.610 0.581 0.444 0.356 0.352 0.254
lsobutrne 43232 | 41.492| 41197 | 44166 | 53.305| 56.084 | 59.764 | 62441 58548
n-Butane 3.878 | 3.883 3.803 4713 3.742 3.148 2.720 2.378 1.847
t-2-Butene 0.138 | 0.098 0.097 0.115 0.097 0.095 0.082 0.089 0.067
1-Butene 0.055 | 0.041 0.043 0.064 0.049 0.048 0.033 0.035 0.033
Iscbutene 0.255 | 0.204 0.220 0.252 0.264 0.251 0.211 0.226 0.157
2-c-Butene 0.096 | 0.070 0.071 0.083 0.074 0.072 0.063 0.074 0.050
Pentanes 1544 | 1.718 1.529 1.901 1.728 1457 1.220 1,077 0.786
Hexane 2312 2312 2.312 2.312 2312 2312 2.312 2312 2312
Carbon Balance (%] 104.1 99.1 96.8 97.8 102.9 102.4 102.1 104.1 92.5
Sample HO
Time [minj 1.25 2.50 8.00 36.50 72.00 87.25 )
Rate [mol/g/hr} 19.6 18.6 14.7 8.0 58 53
Model! [mol/g/hr} 19.7 18.4 14.7 8.3 5.7 5.1
Conversion (%] 58.8 55.8 44.1 239 174 15.8
Selectivity (w) %] 75 7.6 7.7 10.7 125 12.2
Product fiow [mmol/g/hr}
Methane 0.631| 0608 0.512 0.373 0.283 0.251
Ethane 0478 | 0.393 0.303 0.110 0.073 0.060
Ethene 1.697 | 1.760 1.521 0.872 0.602 0.508
Propane 25419 | 23.447| 17.167 6.207 3.942 3.356
Propene 1.205 1.233 1.067 0.670 0.546 0.469
iscbutane 27151 | 29.201| 38208 | 49.228| 54.983| 55271
n-Butane 6358 | 6.332 6.249 4515 3.729 3.499
t-2-Butene 0.161 | 0.173 0.169 0.131 0.139 0.124
1-Butens 0067 | 0.075 0.071 0.056 0.075 0.054
Isobutens 0.304 | 0360 0.374 0.325 0.307 0.271
2-c-Butene 0.117{ o0.126 0.128° 0.097 0.099 0.090
Pontanes 2240 | 2336 2558 2.132 1.793 1.873
Hexane 2638 2636 2.636 2.638 2.638 2.838
Carbon Balance [%) 98.8 99.1 102.6 97.1 99.9 98.5
Sample H0.01
Time {min) 127] 2
Rate {mot/g/hr} 19.3 18(.)(5) :752 1‘:’40: e 11020 133,20
Model {mol/g/r) 194 18.7 17’0 g 9.6 5.8 52
Conversi : 14.0 10.0 57 5.0
raion {%] 38.3 36.6 34.4 26.1 19.0
Selectivity (w) [%) 75 78 78 102 - 15 10.4
Product flow (mmotig/iv) . . 9.7 13.9 15.8
Methane
el I B e Bt s B R
319 - . 0.199 0.137 0.058 0.040
Ethene 1239 1.205 1.123 0.942 0.663 0.409 0.382
:ropano 16.754 | 16.621 ) 14.780 | 10.097 5.843 2,522 2.051
ropons 0738 0734 o762 os8sa ;
Isobutane 41.164 0465 0388 0389
. 44.053 | 45302 47.039 | 54449 | 60a372| 50081
n-Butane 3953 | 4001| 4080| 3697 3399( 25 '
t-2-Butene 0.113| o.113 0.126 0.114 0'101 o. o el
1-Butens 0.046 0.046 0.053 0.054 0.041 o.097 0.089
: . 041 0.040
Iscbutene 0266 | 0.277 0.320 0.290 0.252 0.257
2-c-Butene 0.078 | 0.082 0.083 0.080 0'073 o'o7 o
Pentanes 1584 [ 1531 1658 1534] 1408| 14 b It
Carbon Bal Hexane 2636 | 2638 2836| 2638| 2638 2.6:; ;'g":
ala; ;i . o
nce [%] 100.2 | 1042 103.6 98.1 100.9 102.4 99.0
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HO.1
Time fmin) 1.00 20.23 37.60 55.47 73.68 91.92 110.30 130.73 147.98 169.82 195.10
Rate [mol/g/hr} A 20,1 15.4 135 120 11.0 9.7 8.9 8.2 7.6 6.9
Model {mol/g/hr} 31.1 19.8 16.0 13.6 11.9 10.7 9.7 8.8 8.3 7.6 7.0
Conversion (%} 61.9 40.1 30.7 26.9 239 218 19.4 17.8 16.3 15.1 138
Selectivity (w) %) 7.7 10.2 107 11.4 11.9 12.8 13.2 13.8 14.3 14.9 15.8
Product flow {mmoi/g/hr]
Methane 0.4865 0.308 0.248 0.228 0.216 0.211 0.194 0.185 0.174 0.162 0.155
Ethane 0.308 0.158 0.100 0.076 0.082 0.053 0.044 0.037 0.031 0.027 0.022
Ethene 1.904 1.415 1.066 0.909 0.795 0.737 0.641 0.552 0.516 0.446 0.408
Propane 24518 | 12.191 8.091 6.356 5.312 4596 3.998 3512 3.025 2.656 2.365
Propene 1.656 1.268 0.949 0.832 0.782 0.719 0.680 0.637 0.584 0.540 0514
lisobutane 24.722 | 40.249 45.542 47.314 51.015 51.921 54.222 55.156 55.455 54.755 58.822
{n-Butane 7.469 7.047 5.859 5.400 5.114 4.932 447 4.188 3.887 3.539 3.330
t-2-Butene 0.327 0.333 0.262 0.245 0.240 0.226 0.217 0.212 0.198 0.195 0.199
1-Butene 0.111 0.122 0.102 0.098 0.095 0.085 0.090 0.088 0.084 0.080 0.079
Isobutene 0.441 0.489 0.426 0.412 0.411 0.436 0.389 0375 0.366 0.346 0.345
2-c-Butene 0.207 0.219 0.178 0.163 0.162 0.167 0.148 0.146 0.139 0.135 0.137
|Pentanes 2841 3.387 2874 2673 2873 2.324 2.169 1.973 1.817 1.624 1.498
Hexane 1.979 1.979 1.979 1.979 1.979 1.979 1.979 1.979 1.979 1.979 1.979
Carbon Balance %] 97.4 100.8 98.6 97.1 100.7 99.7 101.0 100.7 99.5 96.8 98.6
|Sample H1
Time [min) 1.53 18.18 34.22 64.65 89.48 105.48 121.35 160.00 220.00 236.75 252.37 268.00 284.43
Rate {mol/g/hr) e 211 17.0 14.1 120 1.0 10.2 79 65 6.1 5.8 5.8 55
Modst {molsg/hr] 32.0 213 17.2 13.1 11.2 10.2 9.5 8.1 6.7 6.4 6.2 6.0 5.7
Conversion %) 731 484 39.0 323 274 25.1 233 18.1 149 13.9 134 13.2 126
| Selectivity (w) (%} 7.4 7.9 8.7 10.0 109 1.2 115 14.8 16.2 15.5 15.3 17.2 15.7
{Product flow {mmol/g/hr] .
|Methane 0.588 0.382 0.288 0.251 0.220 0.212 0.200 0.156 0.137 0.126 0.133 0.129 0.130
Ethane 0.495 0.271 0.183 0,122 0.087 0.078 0.068 0.034 0.035 0.029 0.029 0.028 0.030
Ethene 1.828 1.384 1.219 1.045 0.841 0.813 0.742 0.485 0.368 0318 0.327 0.299 0.297
|Propane 30.679 | 17.803 12.477 8.616 6.631 6.009 5328 3.2y 2.39%0 2.080 2.098 2.002 1.897
Propene 1.838 1.194 1.031 0.951 0.837 0.786 0724 0.628 0.533 0.446 0.466 0.442 0.435
|isobutane 17.276 | 34.650 40917 48.073 46.917 52.287 53.450 55.016 57.520 53.248 57.150 £6.602 57.919
n-Butane 7.656 7413 6.874 6.576 5.988 5.831 5.531 4.421 3.781 3.316 3.435 3.302 3.240
1-2-Butene 0.237 0.244 0.239 0.252 0.241 0.241 0.237 0.234 0.283 0.205 0.197 0.238 0.180
1-Butens 0.111 0.117 0.1 0.116 0115 0.114 0.113 0.127 0.121 0.088 0.088 0.132 0.090
Isobutene 0.436 0.440 0.429 0.447 0.431 0.430 0.420 0.410 0.382 0.325 0.331 0371 0.328
2-c-Butene 0177 0.172 0.168 0.179 0.172 0.17 0.185 0.184 0172 0.136 0.135 0.185 0.137
Pentanas 2.845 3.055 3.150 3.198 2912 2.841 2719 21451 1.880 1.515 1571 1502 1.462
|Hexane 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014 1.014
Carbon Bal (%] 96.5 100.8 100.7 102.1 101.2 104.8 104.6 100.8 101.5 92.8 99.0 97.9 99.4
Sample H2
Time {min} 267| 2462 41.05 56.23 77.57 9490 11470] 13538 15725 | 178.27
Rate {molig/hr} 28.1 19.0 15.3 12.8 115 104 9.4 85 79 73
Model {molrg/hr) 28.1 18.6 15.4 13.3 11.5 10.4 9.4 8.5 7.8 7.3
Conversion (%) 574 39.0 313 26.2 234 214 19.2 175 16.3 15.0
Selectivity (w) %] 75 9.0 10.3 1.2 11.8 12.2 13.3 14.1 14.6 14.9
|Product tiow {mmol/g/hr] .
|Methane 0.530 0.248 0.289 0.254 0.236 0.207 0.209 0.180 0175 0173
Ethane 0373 0.181 0.129 0.093 0.073 0.057 0.052 0.041 0.035 0.030
Ethane 1.826 1.211 0.994 0.855 0.772 0.847 0.818 0.546 0.476 0.450
|Propane 24454 | 11.817 8418 6.407 5321 4326 4118 3357 2973 2732
Propense 1.441 1.037 0.901 0.784 0.734 0.681 0.678 0.626 0.584 0.532
|tsobutane 28.965 | 40.730 45380 48.140 51533 50.260 55.081 54.030 53.688 55.824
n-Butane 6.897 6.474 5.887 5.266 4873 4.383 4.417 3.978 3.669 3.540
t-2-Butens 0.261 0.241 0.240 0.221 0.218 0.200 0.213 0.194 0.190 0.180
1-Butene 0.114 LARR] 0.108 0.089 0.100 0.004 0.108 0.091 0.092 0.089
{isobutene 0.414 0.419 0.418 0.400 0.400 0.389 0.367 0.365 0.351 0354
2-c-Butene 0.182 0.172 0.165 0.153 0.152 0.140 0.148 0.148 0.134 0.133
Pentanes 2.608 3.896 3.097 2.537 2.804 2577 2.149 1810 1.748 1.684
iHexane 2.385 2.385 2385 -2.385 2.385 2385 2365 2385 2385 2385
Carbon Balance {%] 102.2 100.2 99.1 §7.9 101.0 95.9 102.3 98.3 96.2 88.6
Sampile H5 -
Time Imin) 3.50 21.37 45.45 65.53 89.13 131.77 149.40 192.75 213.25
Rate [mol/gfhr) 15.9 13.2 13 10,0 8.8 76 7.0 6.2 8.1
Mods! {mol/g/hr] 16.0 13.0 11.0 100 { 9.1 6.0 7.6 6.9 , 6.8
Cogvonlon [%) 323 26.8 229 203 18.2 15.4 142 128 16.5
Selectivity (w) %] 7.9 8.9 9.9 10.7 12.1 12.8 12.9 14.1 11.8
Product flow {mmol/g/hr}
Methans 0.420 0.307 0.268 0.223 0.208 0.168 0.165 0.146 0.180
Ethane 0.277 0.187 0.140 0.108 0.088 0.057 0.051 0.037 0.057
Ethene 1.137 0.838 0.857 0.756 0.714 0.582 0.556 0.466 0.583
Propane 13.088 9.855 7.720 6.078 5213 3.803 3.595 2.832 4172
Propene 0.613 0.700 0.665 0616 0.611 0.548 0.538 0.482 0.560
Isobutans 45637 | 46.810 50.826 50.638 54.827 53.974 57.927 57.350 54.863
|n-Butane 3.330 3.340 3.427 3.185 3.202 2.798 2.809 2.503 3.113
1-2-Butens 0.124 0.132 0.135 0.135 0.209 0.137 0.129 0.130 0.139
1-Butene 0.041 0.048 0.052 0.052 0.073 0.051 0.051 0.048 0.054
lisobutens 0.245 0.258 0.278 0.284 0.280 0.262 0270 0.280 0.277
2-c-Butene 0.080 0.088 0.004 0.090 0.083 0.092 0.080 0.088 0.095
|Pentanes 1.276 1.316 1483 1362 1.487 1.348 1.350 1.243 1.649
Hexane 2.383 2.383 2393 239 239 233 2393 2393 2393
Carbon Balance [%] 101.1 96.0 99.0 95.3 100.8 95.8 101.4 98.5 98.6
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Sampte Ht10
Time {min) 0.00 1.25 4.00 26.50 31.50 35.50 40.00
fate [moi/g/hr) 15.0 14.4 143 10.0 9.1 8.8 8.4
Modet {mol/g/hr] 14.9 14.7 14.1 10.0 9.3 88 8.3
Conversion {%} 45.2 431 429 301 273 263 253
Selactivity (w) (%) 6.6 7.1 7.6 9.7 9.8 9.7 10.0
Product tiow [mmol/g/hr}
Methane 0.543 0.532 0.538 0.409 0.404 0.332 0.355
Ethane 0.356 0.352 0.331 0.167 0.162 0.132 0.137
Ethene 1.478 1.437 1.494 1.083 1.030 0.877 0.902
Propane 19.9268 | 18.754 18.439 9.546 9.221 6.017 7.770
Propens 0.967 0.9%0 1.069 0.829 0.811 0.710 0.728
Isobutane 37.348 | 38.551 39.447 45.191 50.843 47.740 49.607
n-Butane 5.122 4.803 5.203 4,685 4,720 4353 4358
t-2-Butene 0.132 0.130 0.152 0.144 0.145 0.138 0.134
1-Butene 0.049 0.050 0.062 0.063 0.064 0.061 0.060
Isobutene 0.242 0.271 0.326 . 0.336 0.337 0.310 0.314
2-c-Butene 0.090 0.093 0.108 0.108 0.108 0.100 0.099
Pentanes 1.844 1.786 1.966 2.058 2.107 2.009 1.977
Hexane 2.920 2.920 2.920 2.920 2.920 2920 | 2920
Carbon Balance [%] 102.2 101.7 103.8 97.0 105.0 97.2 99.7
Sample HE
Time [min) 1.50 16.48 31.42 54.55 72.12 106.57
Rate {molig/hr] 20.0 16.7 18.1 16.7 15.5 15.1
Model {mol/g/hr] 18.8 17.3 18.5 15.8 15.0 14.1 '
Conversion %] 405 338 326 31.7 31.3 305
Selactivity (w) %] 17.0 16.8 17.2 17.4 17.6 17.7
Product flow [mmolrg/hr}
Methane 0.585 0.484 0.504 0.475 0.499 0.496 -
Ethane 0.077 0.063 0.064 0.058 0.056 0.053
Ethene 2,07 1.691 1.700 1.543 1.580 1.461
Propane 9.748 7.874 7.822 7.288 7.268 6.962
Propene 2457 1.928 2038 1.938 1.967 1.899
Isobutane 40.140 | 42550 46.150 45.444 46.6872 47.282
n-Butane 7.499 5912 6.156 5.061 6.023 5.893
t-2-Butene 0.364 0.282 0.261 0.288 0.292 0.280
1-Butene 0.237 0.187 0.193 0.192 0.193 0.193
Isobutene 0.714 0.558 0579 0.571 0578 0.579
2-c-Butene 0.277 0.216 0.225 0.224 0.228 0.225
Pentanes 3.258 2.538 2714 2.589 2618 2.732
Hexane 1.217 1.217 1.217 1.217 1.217 1.217
Carbon Baiance %} 101.2 96.5 102.7 99.9 102.0 102.2
Sampie CH
Time [min} 0.50 16.00 31.72 53.83 7273 88.45 | 104.82 | 120.62 | 142.70 | 167.55 | 193.72 1 209.03
Rate {mol/g/hr] a6.8 189 13.7 10.8 9.4 84 78 71 6.4 5.9 55 54
Model [mol/gshr} 36.8 18.6 14.0 10.9 9.4 8.4 7.7 7.1 6.5 5.9 5.4 52
Conversion {%} 78.7 393 287 22.4 19.5 178 16.2 14.8 134 123 114 114
Selectivity (w) %) 5.8 9.0 10.1 11.3 11.8 12.5 12.8 13.5 14.4 15.0 16.0 17.1
Product fiow [mmol/g/hr}
{Mathane 0.588 0.332 0.263 0.227 0.208 0.192 0173 0.168 0.157 0.140 0.142 0.148
Ethane 0.508 0.198 0.114 0.077 0.059 0.048 0.038 0.032 0.028 0.02% 0.019 0.019
Ethene 1.821 1179 0.870 0.704 0.601 0.537 0.446 0419 0.359 0312 0.301 0.286
Propane 33.430 | 11.750 7.255 5.070 4.240 3.575 2.990 2.683 2.365 1.985'] 1.864 1.853
Propene 1411 0.968 0.752 0.652 0.580 0.535 0.489 0.459 0.444 0.398 0.404 0.427
Isobutane 146870 | 39043 | 46.998 | 53.032 | 55618 | 57.318 | 55.947 | 57.424 { 58.576 | 56.856 | 61.602 | 62.707
n-Butane 7.507 6.861 5.887 5.249 4.778 4.446 3.831 3.758 347 3.077 3.109 3.134
t-2-Butene 0.240 0.273 0.240 0.230 0.213 0.205 0.179 0.180 0.179 0.160 0.192 0.214
1-Butene 0.084 0.099 0.091 0.088 0.080 0.081 0.075 0.069 0.070 0.067 0.080 0.094
{iscbutene 0.335 0.421 0.404 0.392 0.380 0.377 0,945 0.342 0.331 0.312 0.328 0.354
2-c-Butene 0.149 0.176 0.158 0.150 0.139 0.140 0.125 0.126 0.121 0.118 0.127 0.140
Pentanes 2.248 3.053 2.849 251 2222 2.074 2.012 1.720 1.537 1.354 1.351 1.370
Hexane 2393 2.393 2383 2393 233 2393 2393 2383 2393 2393 2393 239
Carbon {%} 94.5 96.6 98.9 102.8 103.7 104.4 100.2 101.1 101.5 97.0 104.4 106.2
Sampie CH
Time {min] 5.00 28.00 57.00
Rate {mol/gthr] 26.1 15.0 10.2
Modei [mol/g/mr} 265 15.3 10.6
Conversion %] 545 31.2 214
Selectivity (w) %] 6.8 9.8 10.9
Product flow {mmol/g/hr)
Methane 0.443 0.287 0.231
Ethane 0.349 0.154 0.087
Ethene 1.576 1.078 0.680
Propane 22.654 9.402 5.208
Propens 1.206 0.872 0.648
Isobutane 31.005 | 47.947 | 54943
n-Butane 7.401 6.463 4.871
1-2-Butene 0.249 0.249 0.169
1-Butene 0.098 0.101 0.093
isobutens 03713 0.407 0.354
2-c-Butene 0.172 0.177 0.133
Pentanes 2.637 2539 2.468
Hoxane 2.393 2393 2383
Carbon Baiance 1%} 1023] 1046 1049
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Sampte . CHO
Time {minj 1.00 19.20 | 50.82 69.02 89.08 | 117.17 | 135.77 | 152.90 | 171.58 ] 188.75 | 236.53 264.50 303.05 { 26450
Rate [mol/g/hr] 2.2 15.2 9.8 8.4 7.7 7.2 65 6.0 586 54 5.0 4.9 44 49
Modtel {mot/g/hs] 23.3 145 10.2 9.0 8.0 7.0 6.5 6.1 57 54 48 4.5 4.2 45
Conversion %) 46.8 30.6 19.8 16.9 15.6 145 131 12.0 113 11.0 101 9.9 8.8 99
Selectivity (w) %] 7.1 9.1 111 11.9 12.5 13.1 14.1 14.4 14.6 14.9 16.7 17.2 17.7 17.2
Product fiow [mmol/g/hr}
Methane 0.476 0.328 0.224 0.195 0.178 0.159 0.159 0.149 0.140 0.139 0.118 0.117 0.117 0.117
Ethane 0.358 0.190 0.086 0.064 0.051 0.038 0.035 0.031 0.025 0.025 0.017 0.015 0.014 0.015
Ethene 1.370 0.990 0.643 0.540 0.485 0.418 0.397 0.352 0313 0.317 0.246 0.236 0.223 0.236
Propane 21.382 | 10.479 5.212 4,053 3137 2.7110 2.546 2.280 2.038 1.856 1.580 1.494 1.410 1494
Propene 1.045 0.751 0.560 0.490 0.454 0.423 0.423 0.398 0.370 0.373 0.341 0.343 0.344 0.343
{sobutane 36.984 | 46.062 | 53.627 | 55545 | 54.661 | 54.264 | 58313 | 59.385 | 56.689 | 59.882 | 57.320 57.346 63.160 | 57.346
n-Butane 5.160 4.801 4.020 3.631 3.401 3.104 112 2.949 2.746 2.745 2424 2387 2.340 2.387
t-2-Butene 0.188 0.186 0.170 0.159 0.147 0.146 0.157 0.145 0.137 0.136 0.154 0.153 0.154 0.153
1-Butene 0.094 0,095 0.084 0.079 0.075 0.073 0.078 0.074 0.065 0.070 0.072 0.073 0.074 0.073
lisobutene 0.332 0349 0324 0.308 0.297 0.293 0.307 0.298 0.281 0.282 0.283 0.289 0.287 0.289
2-c-Butene 0.176 0.133 0.111 0.109 0.105 0.106 0.108 0.103 0.096 0.098 0.108 0.105 0.106 0.105
Pentanes 1.926 2.038 1.819 1.651 1.737 1.717 1.435 1344 1.248 1.241 1.103 1.084 1.031 1.084
Hexane 3.569 3569 | 3569| 3569 3.569 3.569 3.569 | 3569 3569 3.569 3.569 3.569 3.569 3.569
Carbon Balance {%1 104.3 99.7 100.4 100.3 97.2 95.2 100.7 101.3 99.3 101.0 95.7 95.5 104.0 95.5
Sample CHO0.001
Time [min} 2.00 18.20 34.62 50.55 66.58 112.32 127.57 174.77 180.60
Rate {mol/g/hr] 23.9 17.2 13.1 106 9.2 7.1 6.7 58 53
Model {mol/g/hr} 24.1 16.6 13.2 111 9.6 7.1 8.6 5.3 5.0
Conversion (%) 476 342 26.1 21.2 18.4 4.1 133 1" 10.5
} Selectivity (w) {%] 7.3 8.9 10.0 10.8 114 13.5 13.6 15.6 15.9
Product fiow {mmol/g/hr]
Methane 0536 0.379 0.313 0.257 0.222 0.166 0.163 0.137 0.136
Ethane 0415 0.241 0.156 0.108 0.078 0.041 0.036 0.023 0.021
Ethene 1.417 0.996 0.834 0.685 0579 0.411 0.381 0.300 0.286
Propane 20.835 | 10.893 7.361 5364 4.229 2637 2.460 1.853 1.748
Propene 1.108 0.808 0.697 0.593 0526 0.433 0.423 0.377 0.369
Isobutane 35.820 | 42.069 50.770 54.667 55.844 56.014 58.947 59.510 61.818
n-Butane 5.395 5.430 5317 4753 4.282 3.384 3.303 2.862 2.821
t-2-Butens 0.178 0.1686 0.180 0.170 0.159 0.155 0.148 0.161 0.160
1-Butene 0.091 0.089 0.088 0.083 0.078 0.069 0.071- 0.072 0.072
Isobutene 0.354 0.363 0.382 0.366 0.337 0.312 0.318 0.304 0.310
2-c-Butene 0.124 0.131 0.130 0.118 0.113 0.107 0.107 0.109 0.105
Pentanes 2.139 2373 2.440 2.187 1.969 1.508 1.602 1.257 1223 |
Hexane 2539 2,539 2539 2539 2539 2.539 2539 2.539 2539
Carbon Balance {%] 102.7 96.0 103.1 104.1 102.7 97.9 102.0 1005 103.7
Sampie CH0.01
Time [min) 2.00 22.03 38.08 54.23 74.87 91.50 110.70 128.18 146.18 226.70 315.97
Rate {mol/g/he] 195 120 9.2 7.8 6.7 6.0 53 4.9 45 36 29
Mode! {mol/g/hr] 19.5 11.7 94 7.9 6.7 6.0 5.4 4.9 4.5 3.4 2.7
Conversion [%) 38.8 24.0 183 15.6 133 1.9 108 9.8 2.0 71 58
Selectivity (w) [%] 7.5 10.2 11.0 11.8 12.5 13.3 ' 13.9 14.4 14.9 18.8 21.5
Product fiow {mmol/g/hr}
Methane 0.478 0.279 0.202 0.172 0.154 0.140 0.125 0.115 0.1 0.09t 0.080
Ethane 0.398 0.169 0.099 0.070 0.052 0.040 0.030 0.025 0.02% 0.0 0.007
Ethene 1.099 0.744 0.557 0.468 0.396 0.349 0.294 0.262 0.244 0.165 0.115
Propane 17.668 7.095 4.640 3.605 2.857 2.379 1.874 1.739 1.578 1.028 0.744
Propene 0.877 0.607 0.481 0425 0.393 0.366 0.324 0310 0.292 0.270 0.242
Isobutane 42471 | 48.931 53.082 58.010 58.821 59.140 59.459 59.983 | 61.960 62.964 64.360
n-Butane 4129 4370 3.670 3.409 3.168 2.868 2.819 2.446 2343 1.899 1.582
t-2-Butene 0.156 0.163 0.148 0.145 0.132 0.126 0.120 0.114 0.113 0.141 0.141
1-Butene 0.073 0.074 0.070 0.074 0.065 0.061 0.058 0.057 0.056 0.060 ] ~ 0.055
Isobutene 0341 0.340 0.304 0.299 0.201 0.276 0.266 0.259 0.260 0.254 0.242
2-c-Butene 0.110 0117 0.105 0.101 0.102 0.091 0.086 0.082 0.082 0.092 0.088
{Pentanes 1.637 1.497 1.638 1551 1439 1.282 1.257 1.092 1.033 0.820 0.650
Hexane 2,539 2539 2539 2.539 2539 2,539 2539 2.539 2.539 2539 2.539
Carbon Balance {%} 104.2 96.6 97.6 99.6 102.0 100.7 99.8 99.8 102.2 101.8 1025
Sampte CH1
Time [min} 1.00 19.53 41.80 75.37 102.37 121.05 140.72 303.77 319.92
Rate [mol/g/hr} 324 2071 154 1.1 9.8 9.2 8.6 6.1 8.0
Mode! [molig/hr) 324 20.5 i5.5 11.9 10.1 93 85 53 5.2
Conversion (%) 64.3 41.0 305 221 194 183 17.0 121 11.9
Selectivity (w) {%] 7.3 9.2 10.5 11.9 12.8 13.5 13.9 18.2 18.2
Product flow {mmol/g/ht]
- Methane 0.647 0.378 0.299 0.221 0.198 0.187 0.185 0.144 0.142
Ethane 0494 0.220 0.133 0.071 0.054 0.046 ‘ 0.038 0.017 0.016
Ethene 1.822 1.259 1011 0.719 0.501 0.555 0.502 0.295 0.292 {
Propane 28.630 1 13.101 8.314 5.025 3.949 3.664 3.260 1.884 1.838
N Propene 1.552 1.078 0.900 0.698 0.638 0.835 0.587 0.509 0.483
isobutane 24192 | 38.277 46.374 52.109 53.159 54.434 54.547 58.564 58.852
n-Butane 6.870 6.556 5953 | . 4.722 4232 4.201 3.909 2,975 2.964
t-2-Butene 0.254 0.259 0.235 0.214 0.200 0.200 0.192 0.228 0.226
1-Butene 0.124 o121 0.112 0.100 0.094 0.098 0.094 0.094 0.097
Isobutene 0389 0.430 0.422 0.385 0.367 0372 0.366 0.349 0.350
2-c-Butene 0213 0.180 0.165 0.146 0.140 0.139 0.130 0.146 0.144
Pentanes 2.535 2975 2.814 2.467 2.304 2.088 1.903 1.436 1.384
- [Hexane 2.393 2.393 2393 2.393 2.393 2.393 23903 2393 2393
Carbon Balance {%] 101.7 973 1002 | 1004 99.0 100.0 98.6 100.0 100.2
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S HS
Time [min} 0.50 33.40 65.87 100.28 134.50 237.88 268.15 299.20 329.08
Rate [molig/he} 192 18.1 14.1 133 12.7 9.5 10.0 2.3 2.6
Moxisl (mol/g/iw} 19.2 16.0 14.4 13.2 12.2 103 9.9 9.5 9.1
Conversion %) 9.1 328 288 271 25.9 193 204 19.0 195
Selectivity (w) %) 13.8 14.0 15.3 15.9 15.9 185 17.2 17.7 17.7
Product tiow [mmot/g/im)
Methane 0.529 0.49p 0.467 0.476 0.448 0.208 0.360 0.342 0360
Ethana 0.189 0.115 0.092 0.07¢ 0.087 0.041 0.045 < 0.041 0.042
“{Ethene 1.748 1479 1.364 1.288 1173 0.735 0.873 0.800 0.827
Propane 13.456 9.348 1.732 7.110 6.251 4.021 4.498 4.070 4.168
Propene 1.584 1.448 1371 1.376 1.307 0.886 1.072 0.993 1.045
|lsobutane 42,128 | 46305 49.725 50.727 49.690 51.134 53.947 53.542 53.651
nButsne 5449 5.284 5.088 4.924 4.444 3.569 3.853 3.551 3.623
t-2-8utene o.288 0.163 0.238 0.242 0.290 0.208 0.228 o211 0.211
1-Butene 0.194 0.143 0.147 0.1408 0.143 0.110 0.129 0.118 0.125
lscbutene To.628 0.513 0.482 0.500 0.453 ‘0373 0.422 0.399 1 0.409
2<c-Butene 0.508 0.403 0.342 0.285 0.180 0.147 0.164 0.155 0.158
Pentanes 2493 3.257 2637 2480 2.648 1.839 2199 1.852 2.042
Hexane 1.095 1.095 1.095 1.0985 1.095 1.085 1.095 1.095 1.085
Carpon Balance [%} 103.9 103.5 104.6 104.5 100.6 95.1 101.7 99.2 100.1
HS0
Time [min} 1.50 16.88 32.98 48.68 64.62 81.77 107.42 133.72 149.83 166.90 186.82 202.30
Rats [mot/gmr) 201 144 122 1.3 10.4 2.8 8.9 8.1 a1 79 75 7.4
Model [motg/r) 19.3 15.1 13.1 11.7 10.7 9.9 8.9 8.1 7.7 7.4 7.0 6.7
Conversion %) 405 29.1 45 227 21.0 19.7 18.0 16.4 16.3 16.0 15.2 14.9
Selectivity (w) (%] 8.7 9.9 10.4 107 10.6 10.9 11.4 12.3 122 12.¢ 12.5 12.8
Product fiow [mmot/g/mr)
|Methane 0304 |- 0223 0.202 0.190 0.167 0.163 0.154 0.150 0.156 0.142 0.144 0.147
Ethane 0.188 0.102 0.074 0.081 0.050 0.047 0.039 0.032 0.034 0.030 0.028 0.027
Ethene 1359 0.967 0.785 0.708 0.600 0.586 0.503 0.456 0.474 0.422 0.418 0.416
Propane 14.422 7.804 6.036 5.032 4.222 4.061 3.464 3.054 3.181 2.818 2.814 2.808
Propens 1.197 0.850 0.734 0.682 0.564 0.565 0511 0.483 0.513 0.449 0.461 0470
Isobutane 41,157 | 47.614 51.868 51.797 50.418 53.842 52.701 53.894 58.616 53.376 57.629 59.322
n-Butans 6.447 5.722 5.401 5.109 4.487 4,555 4.158 4.003 4.256 3.788 3.872 3.957
1-2-Butene 0.227 0.204 0.194 0.178 0.153 .0.155 0.152 0.155 0.169 0.144 0.154 0.158
1-8utsne 0.111 0.100 0.095 0.088 0.080 0.080 0.077 0.078 0.082 0.071 0.079 0.082
[isobutene 0.436 0.407 0.397 o3 ]. ] 0.343 0.352 0.320 0.328 0.356 0316 0.335 0.342
2-c-Butens 0.152 0.141 0.138 0123 | 0113 0.114 0,105 0.108 0.118 0.101 0.115 0.1
Pentanes 3.158 2.964 2.801 2,679 2.610 2.526 2.079 1713 2.104 1.849 1.883 1.892
. Hexane 4461 | 4461 4.461 4.461 4.461 4.461 4.461 4.461 4.461 4.461 4.461 4461
Carbon Baiance {%] 103.8 | 1007 103.2 100.8 95.8 100.8 96.5 96.7 105.2 95.3 102.0 104.7
s HS0.01 |
Time {min) 0.50 36.10 57.45 90.67 117.22 132.77 148.22 175.23 197.73 234.62 329.57
Rate {molgmr) 17.0 121 8.4 7.2 76 73 78 7.6 74 6.7 8.9
Model {movginr} 17.0 10.3 9.4 8.5 8.0 7.8 7.8 7.3 7.4 6.8 8.2
Conversion (%] 339 242 16.8 145 15.2 14.6 15.6 152 14.9 134 13.9
Selectivity (w} %) 9.3 11.4 129 14,1 13.5 14.1 13.4 13.3 13.9 14.5 15.3
Procuct flow {mmol/g/mr)
Methane 0.298 0.20 0.185 0.168 0.180 0.158 0.164 0.163 0.164 0.151 0.141
Ethane 0.181 0.083 0.045 0.032 0.030 0.020 0.034 0.031 0.027 0.024 0.022
Ethenes 1.140 0.767 0515 0.424 0.389 0.382 0.445 0.423 0.394 0.350 0.342
Propane 12.015 5.887 3364 2.683 2.5604 2.508 2.951 2.604 2.558 2328 2.199
Propene 0.994 0.744 0.537 0.486 0.477 0.486 0.497 0.485 0.466 0.453 0.463
Isobutane 45.045 { 50.769 56.323 56.040 55.111 54.485 50.246 55.969 55.560') 58.432 56.617
n-Butane 5.105 5.079 3.982 3.485 J.428 3.3 3.604 3.680 3.616 .38 3.457
t-2-8utane 0.220 0.212 0.17¢9 0473 0.168 0.168 0177 0.165 0.168 0.175 0.213
1-Butane 0.094 0.095 0.082 0.080 0.076 0.077 0.00 0.079% 0.082 0.080 0.096
- ‘ 0394 | 0414 0.357 0.337 0.336 0.334 0.343 0339 0.347 0.334 0.348
2-c-Butene 0.149 | 0.147 0.131 0.119 0.118 0.115 0.119 0.113 0.12% 0.120 0.120
Penmtanes 2.492 2575 1.960 1.684 2.115 1.702 1.690 1.804 1.752 1.641 1.702
Hexans 3.528 3528 3528 3.528 3528 a.528 3.528 3.528 3.528 3.528 3528
Carbon [%} 102.3 | 1005 101.8 99.9 97.8 95.8 100.0 99.1 97.9 101.3 98.7
Sampie HS0.1
Time fmin] 100} 18.75 49.38 88.82 | 113.65
Rats [moizg/hr] 19.8 15.0 10.7 8.0 7.4
Mode! {mot/g/hr] 19.8 14.9 10.8 8.2 7.2
Conversion %) 403 305 218 16.4 15.0
Setectvity (w) {%} 73 8.5 10.1 11.8 11.6
Product tiow [mmoiig/hr}
Methane 0376 | 0.02 0.208 0.154 0.141
Ethane 0.304 0.203 0.104 0.050 0.045
Ethene 1.199 0.988 0.698 0.488 0.440
' |Propans 17.152 | 10.807 5.710 3.450 3.031
Propene 0.953 0.766 0578 0.483 0.415
lsobutane 41.213 | 48472 50.794 52.208 53322
n-Butane 4.954 5.236 4.268 J.449 3.268
1-2-Butene 0.165 0.175 0.156 0.147 0.130
1-Butens 0.082 0.090 0.075 0.070 0.084
lisobutens 0.344 0.353 0.318 o287 0.288
2¢-Butens 0.105| o119 0.105 0084 | -0.077
Pentanes 2.147 ] 2.246 1927 1501 1.534
|Hoxane 2514 2514 2514 2514 2514
Carbon Batance {%] 1036 | 1047 97.5 93.9 94.2
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' HS5
f'ﬁmo {min} 1.00 4.50 10.50 16.00 44.00 78.67 101.50 183.00 189.50
!Rnll {mol/g/hr) 8s 76 73 7.0 8.9 7.0 X} 6.2 6.0
{Mode [movg/hr) 8.3 78 7.4 7.3 8.9 8.7 6.8 6.4 6.3
{Conversion %] 16.9 15.3 14.7 14.1 13.9 14.0 13.6 123 12.0
Selectvity (w) (%] 10.7 11.7 13.1 12.4 12.0 12.4 12.2 12.8 |- 12.7
Product fiow {mmolig/hr}
(Mathans 0.208 0.209 0.245 0.199 0.166 0.193 0.1568 0.159 0.159,
Ethane 0.064 0.058 0.055 0.048 0.043 0.049 0.052 0.038 0.032
Ethens 0.685 0.639 0.639 0.558 0.543 0.553 0522 0.455 0.427
Propane 4.897 4510 3.887 3.699 d.728 3.822 3.568 3.064 2.902
Propene 0.548 0.560 0.556 0.504 0.498 0.524 0.484 0.455 0.430
|lsobutane 52,888 | 58.765 55.104 55.079 57.288 57.913 58.631 59.239 59.169
n-Butane 2855 2.557 2.441 2.388 2.503 2.642 2576 | 2418 2.423
: 1-2-8utsne 0.089 0.091 0.083 0.088 0.083 0.095 0.092 2.083 0.085
3’ 1-Butane 0.038 0.044 0.048 0.040 0.043 0.045 0.045 0.044 0.044
i lsobutene 0.209 0.229 0.237 0.222 0.238 0.244 0.231 . 0.243 0.229
: 2-c-Butene 0.064 0.087 0.066 0.064 0.070 0.071 0.070 0.074 0.070
Pantanes 1.354 1.279 1.252 1.228 1.321 1.386 1.357 1.300 1.280
Hexane 2271 221 22N 22N 22N 2.2n 221 2.2M 22N
.Carton Balance {%) 95.8 100.8 97.0 96.2 99.9 101.9 101.8 101.4 101.0
Samoie HSQ
Time {min) 1.50 21.68 41.22 69.38 95.50 131.95 342,33 408.77
Rate [mol/g/hr} 270 208 18.1 15.5 14.0 124 8.7 7.8
Modei ~ [moifg/hr) 27.0 20.7 18.0 15.6 14.1 12.6 8.5 7.8
Conversion 1%} 53.5 41.2 358 30.8 278 246 17.2 15.8
Selectivity (w) (%) 7.8 9.6 10.1 10.8 11.2 12.2 15.9 15.3
Product fiow [mmol/g/nr} .
Methane 0.414 0331 0.301 0.263 0.235 0.208 0.159 0.148
Ethane 0.291 0.203 0.162 0.120 0.085 0.070 0.030 0.025
Ethene 1.556 1411 1.309 1.149 0.999 0.855 0.510 0.447
Propane 21.018 ) 13.334 11.170 88289 7117 5.841 318 2.688
Propene 1.322 1.224 1.142 1.051 -0.929 0.853 0.681 0.593
|lscbutane 29.607 | 38.364 43.797 48.009 48.955 50.046 57.297 55.468
n-Butane 5.956 6.335 6.288 5.935 5476 5018 4,109 3817
1-2-Butens 0.253 0.275 0.258 0.241 0.233 0.233 0.304 0222 |-
1-Butene 0.112 0.130 0.128 0.126 0.119 0.116 0.143 0.100
isobutene 0.382 0.443 0.458 0.453 0.436 0.419 0.427 0.361
2-c-Butena 0.165 0.179 0.178 0.174 0.163 0.159 0.187 0.148
Pentanes 2593 3.035 3.072 2.998 3.064 2.568 2.205 1.873
Hexane 3.025 3.025 3.025 3.025 3.025 3.025 3.025 3.025
“{Carpon Balance [%} 95.6 98.0 102.5 104.1 101.8 99.6 103.9 98.6
Sampie HS1
Time {minj 0.50 23.08 44.92 66.00 96.95 118.22 134.73 151.25 186.10 202.2_2_
Rate {moi/g/nr} 274 20.1 182 143 12.4 115 10.4 10.1 8.0 a.1
Model {moug/nr) 27.4 19.9 16.8 14.4 12.3 11.2 10.5 9.9 8.9 8.5
Conversion (%} 55.0 404 328 208 25.0 231 209 202 18.0 163
Selecivity (w) (%} 8.2 8.3 8.9 9.4 10.1 10.2 10.7 10.3 11.5 11.8
Product tiow {mmoi/g/hr]
|Methane 0.398 0.272 0.223 0.199 0.177 0.163 0.153 0.148 0.139 0.131
- Ethane 0.338 0.189 0.131 0.100 0.074 0.058 0.049 0.043 0.036 0.031
Ethene 1394 1.075 0.921 0.816 0.700 0.609 0.580 0514 0.453 047
Propans 21975 | 12.700 8.840 7378 5.902 4.883 4.288 3.871 3.442 3.058
Propans 1.197 0.942 0.7954 0735 0.875 0.607 0.585 0517 0.509 0.465
isobutane 28820 | 38.775 43.125 46.527 50.268 51.107 52.551 53514 54.962 55.785
n-Butane 8.237 6.439 6.039 5.782 5.485 5.078 4818 4538 4362 4.062
t-2-Butens 0.224 0.201 0.208 0.207 0.207 0.198 0.192 0.174 0.184 0.185
1-Butsne 0.088 0.094 0.087 0.089 0.088 0.082 0.083 0.078 0.080 0.077
ischutene 0.401 0.422 0.402 0.395 0.398 0.381 0.369 0.358 0.354 0.231
2-c-Butene 0.1583 0.155 0.148 0.142 0.146 0.140 0.130 0.125 0.124 0.117
Pentanes 2.459 3.528 3.055 2.947 2.902 3.150 2.700 3.188 23m7 2.037-
Hexane 0.998 0.998 0.998 0.998 0.998 0.098 0.998 0.998 0.998 0.998
Carbon Balance (%] 95.4 97.7 96,0 88.0 100.6 99.7 99.8 100.7 100.8 100.1
Samoie HS1 -
Time {min} 8.00 26.03 -~ 42.60 58.95 93.97 111.97 139.62 155.90 185.28 219.38 +  235.27
fAate [mol/g/hr) 23.6 186 16.4 14.7 12.9 15 10.7 101 9.4 9.1 a.7
Modsi {mol/g/nr} 23.8 19.3 16.8 15.1 12.5 11.5 10.3 8.7 9.9 8.1 7.8
Conversion (%) a7.1 ar.2 328 29.4 25.7 231 213 203 18.8 18.2 173
Selectivity (w) (%) 8.0 8.9 9.4 9.8 10.9 11.0 11.4 11.8 121 12.3 12.5
Product tiow [mmol/g/hr] .
Methane 0.419 0.335 0.303 . 0279 0.227 0.227 0.208 0.199 0.075 0.165 0.184
Ethane 0.278 0.183 0.154 0.127 0.084 0.077 0.062 0.056 0.046 0.039 0.038
Ethene 1.532 1.326 1.222 1.118 0.892 0.a81 0.758 0.707 0.813 0.548 0.530
Propane 17.426 | 12424 10.172 8.610 5.999 5.704 4.827 4.543 3.865 3.463 3.257
Propene 1.385 1.185 1.07 1.000 0.830 0.822 0.758 0.715 0.681 0.607 0578
Isobutane 33.815 | 42.457 46.226 48.397 47.216 53.228 52.851 54.129 52.950 51.422 52.374
n-Butane 5.443 5.867 5.801 5.557 4.898 4.920 4.581 4.461 4125 | 3.841 3.743
t-2-Butene 0.292 0.275 0.265 0.247 0.2 0.224 0.218 0211 0.201 0.198 0.197
1-Butense 0.120 0.132 0123 0.122 0.110 0.1 0.105 0.105 0.096 0.085 0.099
Iscbutens 0.437 0.469 0.4569 0.458 0.424 0.433 0.408 0.409 0.384 0.388 0.364
2-c-Butens 0.189 0.191 0.181 0171 0.182 0.158 0.151 0.151 0.143 0.138 0.133
Pertanes 2.628 |~ 2.780 2.780 2.628 2.497 2417 2.249 2.104 2038 1.992 1.854
Hexane 2.838 2.936 2.936 2.938 2.936 2.938 2.938 2.938 2.938 2.8 2.838
Carbon Baiance [%] 96.0 101.5 103.2 103.9 95.4 103.8 101.0 101.9 97.9 94.4 95.1
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‘|Samoie HS10

Time [min) 0.50 2.00 7.50 25.00 74.00 ] 146.00
Rate {moiig/hr} 1.2 1.1 1.3 1.3 1.3 1.4
Model {mol/g/hr) 1.3 1.3 1.3 13 13 13
Conversion (%] 25 22 2.8 27 28 2.8
Selectmty (w) %] 26.4 30.9 28.6 28.7 272 31.0

Product fiow [mmoi/gfhr}
Msthane 0.t105 | 0.080 0.129 0.097 0.084 0.138
Ethane 0009 | 0.007 0.009 0.007 0.004 0.010
Ethene 0.096 | 0.041 0.106 0.086 0.064 0.110
Propane 0.310{ 0278 0332 0.326 0.325 0.363
Propens 0.150 | 0.152 0.162 0.159 0.135 0.190
Iscbutans 65.124 | 66499 | 67.088{ 61590 | 62377 66502
n-Butane 0550 ] 0.461 0.581 0.567 0.572 0.611
t-2-Butene 0.037 | o041 0.041 0.046 0.047 0.054
1-Butsne 0014 { 0019 0.017 0.020 0.017 0.023
{isobutene 0.103 | 0.140 0.133 g.135 0.130 0.158
2-c-Butens 0.026 | 0028 0.032 0.033 0.035 0.038
|Pentanes 0.247 | o0.241 0.252 0.232 0.232 0.244
Hexane 2839 | 2.839 2.839 2.839 2.839 2.839
Carbon-Baiance [%} 100.2 | 102.0 103.4 95.0 96.1 105.7
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Reaction data for cyclohexanol dehydration
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Conversion [%)
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Reaction data for naphthalene isopropylation
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Aluminium Chloride

Time {min] 14 138 255 357 600

Conversion of naphthaiene 0.88 10.07 | 12.39 | 14.16 | 14.78

2,6-DIPN Selectivity 16.56 | 30.96 | 33.81 33.31 32.85

Isopropyl naphthalene Selectivity 53.3 10.3 8.8 10.0 8.6

DIPN Selectivity 45.7 81.4 83.9 82.8 82.7

Tri-isopropyt naphthaiens Sel. 1.0 8.4 7.3 7.2 76

2,6-DIPN vield 0.15 3.12 4.19 4.72 4.86

Ratio if 2,6-DIPN to0 2,7-DIPN -| 1.58 0.67 0.69 0.69 0.67

Na

Time {min] 27 480

Conversion of naphthalene 0.0 0.1

2,6-DIPN Selectivity 21.0 16.0

isopropyl naphthalene Selecti| 52.2 61.4

DIPN Selectivity 47.8 33.2

Tri-isopropyi naphthalene Sel.| 0.0 5.4

2,6-DIPN vyield 0.01 0.01

Ratio if 2,6-DIPN to 2,7-DIPN 2.46 1.99

Nai
Time [min} 30 80 241 480
Conversion of naphthalene 0.4 0.4 0.7 0.7
2,6-DIPN Selectivity 2.4 2.8 2.1 3.2
Isopropyl naphthalene Selecti| 31.3 80.8 71.2 64.6
DIPN Selectivity 20.6 14.6 3.0 7.1
Tri-isopropyl naphthalene Sel.] 48.0 4.6 - 0.0 28.3
2,6-DIPN vield 0.01 0.01 0.02 0.02
Ratio if 2,6-DIPN to 2,7-DIPN 7.46 7.43 7.24 6.19
H(550
Time [min} 8 124 250 368 480
Conversion of naphthalene 0.3 1.4 1.9 2.4 2.6
2,6-DIPN Selectivity 20 33.3 39.5 40.3 |- 40.0
Isopropyl naphthalene Selecti| 87.0 41.9 38.8 34.2 34.0
DIPN Selectivity 11.0 57.1 62.1 64.7 65.0
Tri-isopropyi naphthalene Sel.{ 2.0 1.0 0.0 1.1 | 0.9
2,6-DIPN yield 0.01 0.46 0.73 0.95 1.02
Ratio if 2,6-DIPN to 2,7-DIPN 0.68 2.38 2.12 1.97 1.88
H2

Time [minj 20 130 260 363 480
Conversion of naphthalene 1.5 1.7 1.6 1.7 1.5
2,6-DIPN Selectivity 0.7 2.0 2.7 3.6 4.0
{sopropyt naphthalene Selecti| 91.1 91.2 90.9 87.5 B85.4
DIPN Selectivity . 8.9 8.1 8.3 9.8 12.4
Tri-isopropyl naphthalene Sel.| -0.0 0.7 0.0 2.7 22
2,6-DIPN yield 0.01 0.03 0.04 0.06 0.08
Ratio it 2,6-DIPN to 2,7-DIPN 0.77 2.18 2.27 2.44 2.44
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HE
Time {min}] 1.8 86 480
Conversion of naphthatene 0.8 0.8 1.0
2.6-DIPN Selectivity 13.1 15.1 12.9
Isopropyi naphthalene Selecti| 65.3 58.1 68.4
DIPN Selectivity 31.3 40.9 30.2
Tri-isopropyl naphthalene Sel.| 3.4 0.0 0.0
2,6-DIPN yield 0.10 0.12 0.13
Ratio if 2,6-DIPN to 2,7-DIPN 7.51 3.79 6.28

CH

Time {min) 15 75 118 | 242 | 362 | 480
Conversion of naphthalene 0.3 0.4 36 38 4.0 43
2.6-DIPN Selectivity 30 | 423 | 507 | 660 | 648 | 640
Isopropyl naphihalene Selectivif 90.7 | 463 | 226 | 128 | 133 | 136
DIPN Selectivity 9.3 | 498 | 673 | 831 | 825 | 823
Tri-isopropyl naphthaiene Sel. | 0.0 43 0.0 4.1 4.1 41

2,6-DIPN yieid 001 | 016 | 184 | 251 | 25 | 276
Ratio it 2,6-DIPN 1o 2.7-DIPN 144 | 7.27 | 509 | 480 | 444 | 428

HS
Time [min) 1.5 10 100 130 222 480
Conversion of naphthalens 0.3 0.4 1.0 2.0 2.5 3.8
2,6-DIPN Salectivity 3.0 31.5 62.9 60.9 65.8 60.0
Isopropyl naphthaiens Selectivitl  90.7 61.4 248 2.5 19.8 18.3
DIPN Selectivity 9.3 38.6 75.4 75 80.2 a1.7
Tri-isopropyl naphthalens Sal. 0.0 Q.0 0.0 Q.0 0.0 0.0
2,6-DIPN yield 0.01 012 | 081 1.25 1.73 | 231
Ratio i# 2,6-DIPN to 2,7-DIPN 1.44 8.08 4.99 5.04 4.58 4.00

HS0.1
Time [min] 1.5 113 234 380 480
Conversion of naphthalene 0.9 3.8 4.3 5.2 5.1
2,6-DIPN Selectivity 70.2 73.8 73.2 75.8 73.8
Isopropyl naphthaiene Selecti| 20.0 8.5 8.3 8.7 9.2
DIPN Selectivity 80.0 86.5 86.7 88.1 85.8
Tri-isopropyl naphthajene Sel.|i 0.0 5.1 0.0 3.2 5.0
2,6-DIPN vieid 0.66 2.63 3.17 3.98 3.73
Ratio if 2,6-DIPN t0 2,7-DIPN | 8.02 7.26 7.22 7.23 7.26

. HS1

Time {min] 1.5 112 235 355 480
Conversion af naphthalene 0.6 1.1 2.2 2.8 3.2
2,6-DIPN Selectivity 249 47.7 56.3 58.6 64.0
Isopropyl naphthaiene Selecti| 62.1 38.7 29.4 23.4 211
DIPN Setectivity 36.0 60.0 €9.2 75.0 77.6
Tri-isopropyl naphthalene Sel.| 1.9 1.3 0.0 1.8 1.3
2,6-DIPN yield 0.15 0.51 1.21 1.66 2.07
Ratio if 2,6-DIPN 10 2,7-DIPN 6.23 8.98 7.42 5.91 7.75
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HSS -

Time {min] 1.5 68 151 232 480

Conversion of naphthalene 2.7 3.3 3.7 3.9 3.9

2,6-DIPN Selectivity 50.7 50.9 51.3 53.2 59.1

Isopropyl naphthalene Selecti| 21.9 20.5 18.3 17.7 17.1-

DIPN Selectivity 66.4 87.9 69.4 69.9 69.6

Tri-isopropyl naphthalene Sel.] 11.7 11.5 0.0 12.4 13.4
_12,6-DIPN vield 1.38 1.69 1.89 2.06 2.32

Ratio it 2,6-DIPNto2,7-DIPN | 575 | 681 | 701 | 727 | 756

HSS

Time [min] 1.5 120 353 480

Conversion of naphthalene 0.3 0.9 1.1 1.5

2,6-DIPN Selectivity : 3.2 5.8 8.2 7.8

Isopropyl naphthaiene Selecti{ 92.3 87.0 81.4 74.3

DIPN Selectivity 7.7 13.0 18.6 25.2

Tri-isopropyl naghthalene Sel.| -0.0 0.0 0.0 0.6

2,6-DIPN yield 0.01 0.05 0.09 0.12

Ratio if 2,6-DIPN to 2,7-DIPN 0.72 0.81 0.79 0.78
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Comparison of the characterisation-of sample Na-MOR
with that performed at the Fritz-Haber Institute
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Elemental analysis performed at Fritz-Haber Institute: -

Mass weighed : 201.03 mg dissolved in 500 ml H,0

Concentrations determined by AAS:

Na .: 0.866 pg/ml (Diluted 1:20)

Al : 19.725 pg/ml (Diluted 1:1)

Si : 131.95 pg/ml (Diluted 1:1)
Anélysis:

Mass in weighed sample Wit% in true zeolite Mole%

[mg] [%] [%]

Na,0 11.67 6.71 6.92
ALO, 18.64 10.72 6.72
Sio, 141.12 81.15 86.36
Total 171.43 - 98.58 100.00

Moisture content by elemental analysis : (201.03-171.43)/201.03 = 14.72%

Moisture content by thermogravimetric analysis: =13.5%

Formula: Nag ¢sAlg 468141 50s6

SI/AIl = 6.42
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Elemental analysis in this research:
- Mass weighed : 200.6 mg digested aand disolved to make 500 ml solution

Concentrations determined by AAS:

Na : 17.34 pg/ml

Al -1 20.04 pg/ml

Si : 133.44 pg/ml
Analysis:

Mass in weighed sample Wit% in true zeolite Mole%:-

[mg] % (%]
Na,O 11.68 - _ 6.58 6.86
Al,O, 18.94 10.67 6.75
- Si0, 142.72 80.39 86.39

Total 173.34 97.64 100.00

Moisture content by elemental analysis : (200.6-173.3)/200.6 = 13.6%

Moisture content by thermogravimetric analysis: - =115%

Formula: Nag Al 46Si,, sOg6

Si/Al = 6.4
Both the Si/Al and Na/Al ratios can be seen to be very similar. Although a small change in

moisture content was seen, this was probably due to different weather and storage conditions.
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Si MAS NMR from Fritz-Haber institute

2Si MAS NMR of sample Na

The spectra show similar peak intensities and both gave framework Si/Al ratios of about 6.4
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XRD pattern observed at Fritz-Haber Institute

b LWL

12.88 18.98 24.88 38.88 36.88
20-AM6LE (*)

XRD pattern of sample Na

The differences XRD patterns is in the region where 26 is below 10° and explanation of this

is given in Section 3.1.3.
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