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i Synopsis

SYNOPSIS

The zeolite ZSM-5 is well-known for its unique intersecting channel system.
This channel system has a great bearing on the shape-selective properties and
the long life-times of ZSM-5. In this study, ZSM-5 was modified in various
ways to eliminate the external acidity of the catalyst to further improve these
properties, and the success and effects of these modifications were investigated
primarily using temperature programmed desorption techniques.

The internal surface of ZSM-5, a medium pore zeolite, plays a major role in the
shape selective properties of this catalyst, due to the diffusional restrictions
imposed by the channel system on bulky molecules. Even though the number
of acid sites on the external surface is small compared to the total number of
acid sites, these easily accessible and non-shape selective acid sites may
provide a high turnover rate for non-shape selective reactions. Furthermore, the
main cause of deactivation of ZSM-5 is thought to be the formation of poly-
aromatic molecules on the external surface, which block access to the channels
of the catalyst.

To eliminate the external acidity of ZSM-5, the catalyst was modified by coating
the crystals using two methods:

(iy Silicalite shells - the parent crystals (in various forms) were reimmersed
into an aluminium-free synthesis mixture, in an attempt to deposit an inert
silicalite-l shell around the crystals without blocking the channels.

(ii) Chemical vapour deposition - tetraethoxysilane was contacted with the
catalyst (in varying amounts) in an attempt to either exchange Si for Al
on the external surface, or to deposit an inert silica layer around the
crystals without blocking the channels.

Ammonia and pyridine were used to probe the total acidity of these catalysts
using temperature programmed desorption techniques. 4-Methyl quinoline was
used to probe the external acidity of the catalysts using temperature
programmed desorption techniques.
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These studies have confirmed that temperature programmed desorption is a
suitable method for determining whether the elimination of the external acidity
of ZSM-5 has been achieved. It has been shown that both NH3; and pyridine
readily enter the channel system of ZSM-5 and that they are suitable probes for
the total acidity of ZSM-5, although it has also been shown that diffusion and
readsorption phenomena must be present in the channels during temperature
programmed desorption of these adsorbates.

4-Methyl quinoline has been shown to be suitable as a selective probe for the
external acidity of ZSM-5. It has been shown that 4-methyl quinoline is
adsorbed solely onto the external surface of ZSM-5. Moreover, due to its high
desorption temperatures, 4-methyl quinoline could be a suitable poison for the
external surface acidity of ZSM-5. It has also been shown that 4-methyl
quinoline decomposes upon desorption from ZSM-5.

The elimination of the external surface acidity has been successful for both
samples modified by coating with silicalite shells and for samples modified by
chemical vapour deposition.

(i) In each of the silicalite modified catalysts the internal acidity is still
essentially intact. Thus the channel structure remains accessible to the
adsorbates. The external acidity has been eliminated for the sample
where the NHs-form of the parent crystal was used as seed material, but
not for the Na-form of the seed crystals. The use of undetemplated seed
crystals is preferred, in that the deposition of amorphous species in the
channels can be prevented during the modification process.

(ii) In each of the samples modified by chemical vapour deposition, the
internal acidity remained unchanged and accessible to the adsorbates.
The external acidity was eliminated for the sample with high levels of
tetraethoxysilane deposition (ie. using the longest deposition time and
highest deposition temperature).

A description of the materials resulting from the two methods employed to
eliminate the external acidity from ZSM-5 may be proposed as follows:
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(i)

(i)

The nature of the material resulting from silicalite shell modification seems
to be a combination of ZSM-5 and silicalite-l phases. The silicalite-l phase
does not always coat the ZSM-5 crystal completely, but when it does a
thick shell of silicalite-l is required to ensure coverage of the crystals. It
appears that during the modification procedure with undetemplated seed
crystals, a small amount of amorphous material may be formed. It may
be speculated that the synthesis mixture of the modification step may
extract aluminium out of the framework and replace it with silicon,
provided the channels of the seed crystal have been detemplated (ie. the
channels are not filled with template). The freed aluminium could thus be
included in the formation of the shell, or in the formation of amorphous
material. However, the channels are still accessible to the adsorbates.

The nature of the material resulting from modification using chemical
vapour deposition is very similar to that of unmodified HZSM-5. The
internal acidity and pore volume are unchanged. The external surface is
thought to be covered only by a thin layer of inert silica (in the order of a
few monolayers).
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1.1 ZEOLITES

Zeolites are 3-dimensional crystalline aluminosilicates consisting of cornerlinked
tetrahedra in which small atoms (collectively denoted T atoms) lie at the centers
of the tetrahedra, with oxygen atoms at the corners. The T sites of all natural
zeolites are dominated by Al and Si atoms, such that the ratio O/(AI+Si) = 2
[Barrer, 1982], but chemically related atoms such as Ga, Ge and P can be
incorporated in synthetic zeolites. The substitution of aluminium atoms into the
silicon based structure results in a net negative charge on the zeolite
framework. This is compensated for by the presence of charge balancing
cations, typically Na, K, Mg, Ca and Ba. The unit cell formula is given by

MpD(Alp + 2qSi02p + 4+ 2r).sH20 [Smith, 1979]

where M and D represent monovalent and divalent cations respectively. The
arrangement of the tetrahedral units in the macroscopic crystal results in the
formation of open channels in the zeolite structure. Different arrangements
yield the various zeolite types. It is this intracrystalline porosity which confers
on zeolites their remarkable properties.

In addition to the cations needed to neutralize the framework charge, there is
room in the channels and cavities for salts and water molecules in the zeolite
bulk. The open frameworks of zeolites also provide an environment in which
cations and water have a high degree of mobility, resulting in good ion-
exchange properties and the capacity for reversible hydration. Indeed, the
name zeolite with its Greek origins of "boiling stone" is derived from the latter
property.
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1.1.1 THE STRUCTURE OF ZEOLITES

1.1.1.1 The primary building unit

The primary building units of zeolites are the tetrahedra, as shown in Figure 1.1.

FIGURE 1.1: Representations of TO4 tetrahedra

1.1.1.2 The secondary building units

In order to facilitate the description and systematization of the vast diversity of
zeolite topologies, Meier [1968] suggested the use of 8 secondary structural
units based on simple groupings of linked tetrahedra. The number of these so-
called secondary building units (SBU's) was later increased to 16 as shown in
Figure 1.2 [Meier and Olson, 1992]. All zeolites can be reduced to
combinations of secondary building units.

3 B9
7 & 9 g
9 7 D ¥

FIGURE 1.2: Secondary building units [Meier and Olson, 1992}
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The T atoms in Figure 1.2 are represented by the corners or apices. The O
atoms are not shown, but would lie approximately at the midpoints of the lines
joining the T atoms.

1.1.1.3 Building blocks

The SBU's may be combined to form building blocks. An example of such a
building block is the sodalite unit, depicted in Figure 1.3, which is found in
faujasite zeolites, X and Y. The sodalite unit is a truncated cubo-octahedron
composed of 24 silicon and aluminium ions in tetrahedral coordination with
oxygen atoms. These sodalite units are linked together via their hexagonal
faces by so-called hexagonal prisms yielding the faujasite structure shown in
Figure 1.4.

FIGURE 1.3: The sodalite unit in zeolite frameworks

FIGURE 1.4: The structure of faujasite
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This arrangement of sodalite units and hexagonal prisms results in the formation
of large, almost spherical cavities interconnected by distorted 12 sided
windows. This cavity is referred to as the supercage. In this manner a network
of channels and cages is formed. Similarly, in other zeolites, such networks
exist, although not all zeolites will have cavities. Also, the channel network
may consist of straight parallel channels as in mordenite, or of an intersecting
network as in ZSM-5. Figure 1.5 shows the topology of several well-known
zeolites.
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FIGURE 1.5: Stereoscopic representations of zeolite topologies (a) faujasite, {b) mordenite and
{c) ZSM-5 [Meier and Olson, 1992]
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1.1.1.4 Zeolite gfoups

The structural characteristic of greatest interest for catalysis is the channel
system, which is described for some zeolites in Table 1.1. Depending on the
largest channel, zeolites are characterized as small, medium or large pore
zeolites if they contain apertures made by rings of 8, 10 or 12 linked tetrahedra
respectively [Haag and Chen, 1987]. Small pore zeolites, which include
chabazite and erionite, adsorb only straight-chain molecules such as n-paraffins
and n-olefins. Medium pore zeolites, such as ZSM-5, ZSM-11, ZSM-22 and
ZSM-23, are of most interest to the design of shape-selective catalysts.
Synthetic faujasites, zeolite X and Y, and mordenite are large pore zeolites.

The channel system may be one-dimensional (ZSM-22 and ZSM-48), two-
dimensional (ferrierite) or three-dimensional (ZSM-5). Multidimensional channels
often intersect one another, but this is not always the case. The
interconnecting channels may be straight (ZSM-11) or tortuous (ZSM-5). The
connectivity of the channel system has major consequences for diffusion and
ageing characteristics.

TABLE 1.1: Channel systems of some representative zeolites [Haag and Chen, 1987]
TYPE NAME RING SIZE OF LARGEST CHANNEL
CHANNELS SIZE (A)
SMALL Linde type A 8-8-8 4.1
PORE Chabazite 8-8-8 3.6 x3.7
Erionite 8-8 3.6 x5.2
MEDIUM ZSM-22 10 45 x5.5
PORE ZSM-23 10 4.5 x5.6
ZS5M-48 10 5.3x5.6
Ferrierite 10-8 4.3x5.5
ZSM-5 10-10 5.4 x5.6
ZSM-11 10-10 5.1 x5.5
LARGE ZSM-12 12 5.7 x 6.1
PORE Linde type L 12 7.1
Mazzite 12 7.4
Mordenite 12-8 6.7x7.0
Offretite 12-8-8 6.4

Faujasite 12-12-12 7.4




6 Chapter 1 - Introduction

1.1.1.5 The zeolite ZSM-5

ZSM-5 synthesis was first reported by researchers at Mobil [Argauer and
Landolt, 1972]. It is a medium pore zeolite belonging to the pentasil group.
The unit cell formula of the sodium form of ZSM-5 is shown below, with n
typically having a value of 3 or less (but not greater than 27) [Kokotailo et al.,
19781.

NanAl,Sige.n0192 . 16H20 n< 27

The framework of ZSM-5 consists of linked tetrahedra which may be considered
to join to form eight 5-membered rings, as shown in Figure 1.6a (SBU = 5-1).
The units are connected through edges to form chains as shown in Figure 1.6b.
These chains are connected to form sheets and the linking of sheets leads to a
three dimensional framework structure. The sheets parallel to the (010) and
(100} planes are shown in Figure 1.7 and Figure 1.8 respectively.

FIGURE 1.6: The building blocks of ZSM-5
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FIGURE 1.7: The skeletal diagram of the (010) plane of the ZSM-5 unit ceil, showing the

channel opening of the straight channel

FIGURE 1.8: The skeletal diagram of the (100) plane of the ZSM-5 unit cell, showing the

channel opening of the sinusoidal channel

The ZSM-5 framework contains two intersecting channel systems, one
sinusoidal running parallel to the (010) plane and the other straight and parallel
to the (100) plane, as indicated by Figure 1.9. The elliptical 10-membered ring
openings (10 Al or Si atoms) controlling the channels can be seen clearly in
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Figure 1.7 and Figure 1.8. The sinusoidal channels have a diameter of 5.1 x
5.5 Angstrom, whereas the straight channels have a diameter of 5.3 x 5.6
Angstrom [Meier and Olson, 1992].

FIGURE 1.9: The channel structure of ZSM-5

it has been shown from X-ray diffraction studies that as-synthesized ZSM-5
crystallizes with orthorhombic symmetry and has lattice constants a = 20.1,
b = 19.9 and ¢ = 13.4 Angstrom [Meier and Olson, 1992]. However,
monoclinic symmetry has also been observed [De Vos Burchart et a/., 1993].
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1.1.2 THE ACIDITY OF ZEOLITES

in Section 1.1.1 it was mentioned that zeolites are composed of tetrahedrally
bound silicon and aluminium ions, joined by bridging oxygen ions. The
tetrahedral coordination of the aluminium ion induces a negative framework
charge for each aluminium ion. This charge is neutralized by the presence of
exchangeable cations. It is this charge balancing phenomenon that is
responsible for the acidity and activity of zeolites.

Zeolites are commonly synthesized in the sodium form, and the sodium cations
are replaced by ammonium cations. Uytterhoeven et al. [1965] showed that on
heating ammonium-exchanged zeolites ammonia is released, thereby yielding the
active protonic form, as shown in Figure 1.10.

NH® ne®
o} 0
N N RN N
AN Al S+ NH,
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FIGURE 1.10: The formation of the proton form of zeolites

The right hand side of the equation in Figure 1.10 represents a classical
Bronsted acid. Uytterhoeven et a/. [1965] further proposed that the equilibrium
shown in Figure 1.11 is also established.
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FIGURE 1.11: Zeolite acid sites
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Ward [1967] investigated the nature of the active sites on proton exchanged
zeolite Y, and observed three hydroxyl! group stretching bands in the infrared
spectrum of zeolite Y at 3742, 3643 and 3540 cm!. This is in agreement with
Uytterhoeven et al. [1965]. The 3742 cm' band probably represents Si-OH
terminal groups (similar to those on silica) or they may be associated with
amorphous impurities in the structure {Ward, 1967]. The bands at 3643 and
3540 cm! represent hydroxyl groups at different crystallographic locations.

Ward [1967] noted that the maximum intensity of the hydroxyl group bands of
zeolite Y is reached at calcination temperatures of 350 °C. From this
temperature to 500 °C the intensities remain constant, after which they
decrease (Figure 1.12). The 3742 cm! band intensity increases to a maximum
at a calcination temperature of 640 °C before decreasing.
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FIGURE 1.12: Intensity of the hydroxyl group stretching frequencies of zeolite Y for different

calcination temperatures [Ward, 1967].

Ward [1967] concluded that the hydroxyl groups, functioning as Bronsted acid
sites, are largely responsible for catalytic activity. While Brdnsted acidity
decreases rapidly above calcination temperatures of 500 °C, the concentration
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of Lewis acid sites is small below 475 °C, but increases rapidly at higher
temperatures (Figure 1.13).
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FIGURE 1.13: Acid site populations on zeolite Y as a function of calcination temperature [Ward,
1967]

Ward [1967] and Uytterhoeven et al. {1965], suggested that if the Bronsted
acid sites are hydroxyl groups, then a conversion to Lewis acid sites should
occur with increasing temperature, according to Figure 1.14, such that
dehydroxylation of the zeolite occurs.
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FIGURE 1.14: The formation of Lewis acid sites by dehydroxylation
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Lunsford {1968] pointed out that while Bronsted acidity is decreasing in the 500
- 600 °C temperature range, the catalytic activity for toluene cracking was
found to increase. Lunsford proposed that partial dehydroxylation of the
catalyst at elevated temperatures could lead to the formation of defect sites of
the type shown in Figure 1.15. He suggested that these sites could act
inductively on the local hydroxyis to form strong acids.
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FIGURE 1.15: Acid site enhancement via the inductive effect [Lunsford. 1968]

1.1.3 SHAPE SELECTIVITY IN ZEOLITES

1.1.3.17 Shape selectivity models

If the majority of the catalytic sites are confined in the channel structure ana It
the channels are small, the fate of the reactant molecules and the probability ot
forming product molecules are determined mostly by molecular dimension and
configuration. Only molecules whose dimensions are less than a critical size
can enter the channels, have access 10 internal catalytic sites, and react there.
Furthermore, only molecules which can leave appear in the finai produc:.
Bulkier molecules will form only on the relatively few catalytic sites on tne
external surface of the zeolite crystals. Catalysts displaying such properties are
said to be shape selective. Csicsery {1979] distinguished between three 1ypes
of shape selectivity:

In reactant shape selectivity (Figure 1.16) some of the molecules in a reactant
mixture are too large to diffuse through the catalyst channeis to reach active
sites.
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FIGURE 1.16: Reactant shape selectivity

In product shape selectivity (Figure 1.17) only product molecules with
sufficiently small dimensions can diffuse out of the channels and appear as
products.

v @ S Q0@ — O

FIGURE 1.17: Product shape selectivity

In restricted transition state shape selectivity certain reactions are prevented
because the corresponding transition state requires more space than is available
in the cavities or channels of the catalyst.

Reactant and product selectivities are mass transfer limited and are therefore
affected by crystallite size, whereas transition state selectivity is not.
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An additional concept of secondary shape selectivity was introduced by Santilli
and Zones [1990]. When, as in the above cases, shape selectivity is a result of
direct interactions between molecules and a channel system, the term primary
shape selectivity is applied. In zeolite catalysis, secondary shape selectivity
occurs when one type of molecule affects the behaviour of another type in a
way which does not occur in a less hindered environment. Molecules can
interfere with each other in unrestricted environments. Two examples of this
are: (i) a molecule with a higher boiling point will preferentially adsorb onto the
catalyst surface, and (ii} a highly polar molecule will adsorb on a polar catalytic
surface instead of a non-polar molecule. Secondary shape selectivity occurs
when one molecule interferes with the reactivity of another because of steric
constraints imposed by the channels. As opposed to boiling point and
electrostatic effects, secondary shape selectivity is a phenomenon which does
not happen in an unhindered environment. Santilli and Zones [1990] state that
it is likely that several types of secondary shape selectivity exist, such as
reactant, product and transition state secondary shape selectivity, and that
these could be caused by both reactants and products.

Choudhary and Akolekar [1989] suggested a shuttlecock-shuttiebox model for
the sorbate-zeolite channel system to explain how the dimensions and
configurations of molecules can influence the selectivity. They noted that
although molecules may have similar critical diameters, the relative penetrability
and diffusivity of bulkier molecules could vary dramatically. They also noted
that molecules with a critical diameter greater than the channel diameter could
diffuse through the channels, sometimes with relative ease. Penetration of
bulkier molecules into the zeolite channel is expected to take place only when
the molecule enters the channel opening in an orientation in which its
compression to the size of the channel is accomplished with relative ease.
Otherwise its sorption is either totally rejected or expected to occur with a low
probability, because of a much greater steric hindrance experienced by the
molecule. Similarly, diffusion of the molecules in the channels is favoured in the
direction in which the resistance to movement of the compressed group of the
diffusing molecule is at a minimum, as shown in Figure 1.18.
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FIGURE 1.18: Diffusion limitations due to steric hindrance

Derouane [1986] suggests that molecular shape selective effects are not
necessarily restricted to the intracrystalline volume of the zeolites, although that
would clearly favour their occurrence. He suggests that molecular shape
selectivity should occur whenever a catalyst selects or prefers specific reactants
or products on the basis of their size and shape in order 10 match its own active
site steric requirements. The external surface of zeolites affers channel
openings and cut channels (hal/f cavities) due 10 their framework structure.
Derouane proposes that such hilly environments will facilitate the prerterential
selection and reaction of certain molecules, depending on their stereochemistry
and their ability to optimize their Van der Waals interaction with the framework,
or their capacity to "nest". Such external surface molecular shape selective
effects are more likely to be observed for bulky molecules, small crystals anag
crystals with restricted access 10 their interior {coked or modified crystais).

1.1.3.2 Experimental observations of shape selectivity

Haag et a/. [1982] carried out a number of catalytic cracking reactions over
ZSM-5. They compared the cracking of various hydrocarbon compounds over
small crystal and large crystal ZSM-5, by calculating the rate constant and
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effectiveness factor in each case. They were able to make several interesting
conclusions:

(i) At conventional cracking temperatures (323-523 °C), the cracking rates
for both paraffins (alkanes) and monomethyl paraffins are independent of
crystal size. This means there are no mass transport or diffusional
effects.

(i) Dimethyl paraffins are affected by diffusional resistances, as the reaction
rates drop significantly in larger crystals. This means that dimethyl
paraffins, or bulkier molecules, have difficulty in diffusing through the
channels of the catalyst.

(ili) At the same temperatures, the cracking rates of olefins (alkenes) are 2 to
3 orders of magnitude greater than those of paraffins. This was ascribed
due to transition state shape selectivity, as the transition state complex of
paraffins is thought to be much bulkier than that of olefins, and may thus
have more difficulty in forming.

(iv) Due to the high reaction rates of olefins and monomethyl olefins, mass
transport effects arise in large crystals due to diffusional resistances.

(v) The total length of the molecular chain has a minor effect on the
diffusivity (and hence the reaction rate}, whereas the diffusivity drops by
a factor of 104 from linear to dimethyl paraffin structures.

These observations correspond both to Csiscery's classification of shape
selective effects in zeolites and Choudhary and Akolekar's model described in
Section 1.1.3.1.

An experimental example of secondary shape selectivity is the cracking of nC6
and nC16 over ZSM-5 and SSZ-16 investigated by Santilli and Zones [1990].
Both catalysts crack nC6 and nC16, but when a 50/50 mixture {by volume) of
reactants is used over ZSM-5, nC6 has little or no effect on nC16 conversion,
but nC16 greatly retards the nC6 conversion. Here, because nC16 has a much
higher boiling point than nC6, selective adsorption of nC16 in the zeolite
channels is the likely cause for the inhibition of nC6 cracking, and the
phenomenon is not a shape selective effect. On SSZ-16, nC16 causes a slight



Zeolites ’ 17

increase in nC6 conversion, whereas nC6 completely eliminates nC16
conversion. As nC6 is both smaller and lower boiling than nC186, this is a steric
effect in which case the nC6 together with the SSZ-16 channel keep nC16 from
reacting.

Experimental observations of the nesting effect on the external surface
described by Derouane [1986] have been claimed by Fraenkel et a/. [1984].
Fraenkel et al. [1984 and 1986] and Fraenkel and Levy [1989a and 1989b]
further speculate that the external Bronsted acid sites are located in "hal/f”
channel intersection cavities. These "half" cavities are characterized by larger-
than-10-ring openings (Figure 1.19).

———— 1

|

FIGURE 1.19: "Half" channel intersection cavities [Fraenkel et a/., 1984]

The medium size channels of ZSM-5 allow diffusion of linear hydrocarbons and
small aromatic molecules, such as p-xylene and toluene, but restrict the motion
of larger molecules. Fraenkel et a/. [1984] propose that there are two types of
catalytic sites on ZSM-5. The first type is located inside the crystal,
corresponding to 100 % p-selectivity in xylene production or isomerization. The
other resides on the external surface of the zeolite, and is not shape-selective
(ie. it gives the thermodynamic equilibrium mixture). Any xylene product
composition obtained over ZSM-5 would thus be analysed as the sum of the
two contributions: that of the selective and that of the unselective sites. These
findings have been disputed by Neuber and Weitkamp [1989]. Neuber and
Weitkamp suggested that the observed effects could be rationalized in terms of
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diffusional restrictions inside the channels rather than in terms of shape
selective sieving effects on the external surface.

The effects of cation exchange and poisoning have been investigated by
Choudhary and Akolekar [1991]. H.Na-ZSM-8 and H.Na-ZSM-5 show an
increase in shape selectivity for xylene isomerization and toluene
disproportionation with increasing Na content due to an increase in the
diffusional resistance with increasing Na exchange. Similarly, poisoning of
these catalysts with pyridine results in an increase in shape selectivity for the
above mentioned reactions, also due to increased diffusional resistances.

1.1.3.3 Summary

The internal surface of ZSM-5 certainly plays a major role in shape selective
catalysis. The effect of the external surface is less certain. Larger molecules,
either in the reaction or product mixtures, will have greater diffusional
resistances inside the channels than smaller molecules. Therefore the acid sites
on the external surface will play a greater role in the reaction of large molecules
than molecules that readily diffuse through the channeis. Therefore, even
though the number of acid sites on the external surface is small compared to
the total number of acid sites, these easily accessible and non-shape selective
acid sites may provide a high turnover rate for non-shape selective reactions.
This will be most noticeable for small crystallite sizes, as these crystals will
have the largest ratio of external/internal surface area.



Zeolites 19

1.1.4 COKE FORMATION AND DEACTIVATION OF ZEOLITES

Deactivation of catalysts is of considerable importance in catalysis because
many catalysts show a loss of activity with time. The loss in activity of zeolites
may be caused by [Bhatia et a/., 1989-90]:

(i) The formation of coke, which will accumulate on the surface and/or block
the channels,

(ii) The selective adsorption of undesirable agents, especially basic
compounds, which poison the active sites,

(iii) Sintering, which changes the structure and the surface area of the
catalyst.

Poisoning by bases and structural rearrangements brought on by sintering can
be controlled by feed purification or appropriate choice of reaction conditions.
All reactions of organic compounds on solid acid catalysts are accompanied by
the formation of heavy by-products which form a hydrogen-deficient deposit,
viz. coke, on the surface and result in deactivation. The deactivation rate
depends on the relative rate of formation of these by-products, which can be
very different from one catalytic system (catalyst + reaction + reaction
conditions) to another [Guisnet and Magnoux, 1989; Magnoux et al., 1987,
Bhatia et al., 1989-90]. The deactivation rate depends also on the mode of
deactivation.

The formation of coke is a shape selective reaction. This concept was first
introduced by Rollmann [1977]. He suggests that coke formation and
deactivation rates are intrinsic properties of the channel structure. Cyclo-
paraffin pre-cursors, and hence coke, cannot readily form in the restrictive pore
system of shape selective catalysts. Large pore catalysts offer littie restriction
to coke formation and deactivation becomes significant. Rolimann and Walish
[1979] further suggest that while catalyst composition and crystal size can
influence coke formation, these are secondary effects. Not all coke is formed in
the intracrystalline pore system, but intracrystalline coke formation is a shape
selective reaction directly controlled by the zeolite channel structure. Therefore
not all zeolites have the same propensity to coke.
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The nature of the coke, the effect of the zeolite structure, the location of the
coke and the modes of coke formation and deactivation have been studied
widely [Guisnet and Magnoux, 1989; Rollmann, 1977; Magnoux et al., 1987,
Anderson et al., 1989b; Karge, 1991]. This is briefly summarized in Sections
1.1.4.1 to 1.1.4.5.

1.1.4.1 The nature of the coke

Karge [1991] describes several methods by which coke has been analysed.
Using this approach, coke can be divided into two types [Guisnet and Magnoux,
1989; Karge, 1991], namely soft (or soluble, non-graphitic) coke and hard (or
insoluble, graphitic) coke. Soft coke consists mainly of paraffinic, olefinic and
polyolefinic species (H/C ratio > 1), whereas hard coke consists predominantly
of alkylaromatics and polyaromatics (H/C ratio < 1). According to Guisnet and
Magnoux [1989] soluble coke molecules are intermediates in the formation of
insoluble coke. They conclude that insoluble coke is not formed at low coke
content, and that the aromaticity of the soluble coke increases with the coke
content.

Schulz et al. [1987] and Magnoux et al. [1987] report that the coke found in
the channels of HZSM-5 consists mainly of alkylated 2-ring aromatics, although
the exact nature of the coke may depend on the feed [Bhatia et a/., 1989-90].
In the case of HY bulky aromatic rings (more than 3 rings) can be found in the
supercages [Magnoux et al., 1987; Bhatia et a/., 1989-90].

The coke on HZSM-5, H-OFF and USHY was studied by Gallezot et a/. [1988]
using TEM and EELS. The external coke formed on HZSM-5 and H-OFF gave an
EELS spectrum not much different from that of coronene, indicating that the
coke is made up of graphite-like polyaromatic molecules. The external coke
formed on USHY consists of linear polyaromatic filaments protruding from the
channels.

1.1.4.2 The effects of channel structure

As has been mentioned in Section 1.1.4, the zeolite structure influences the
formation of coke, and hence deactivation, because coke formation is a shape
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selective reaction [Rollmann, 1977; Rollmann and Walsh, 1979]. It is difficult to
evaluate with precision the effect of channel structure on coking rate since it is
impossible to obtain the same acidity for zeolites with different channel
structures. The coking rate is greater when:

(i) The space available for its formation (in cavities or channel intersections)
is greater, and

(ii) The intermediates to coke formation diffuse more slowly out of the
channeis.

1.1.4.3 The mode of coke formation

The coke formation on zeolites probably occurs through cracking of paraffins
and olefins, oligomerization of the olefins, transformations through hydrogen
transfer into monoaromatics, alkylation of these monoaromatics and cyclization
and hydrogen transfer to polyaromatics [Guisnet and Magnoux, 1989]. The
channel structure can have a significant effect in these steps:

(i) Steric constraints can limit the reaction occurring through intermediates
having a size comparable to that of the space available near the acid sites
(shape selective effects), and

(ii) Because of limitations in the diffusion of reactive components or of their
trapping within zeolite cages, these compounds participate in the
formation of coke (diffusional effects).

Bulow et al. [1987] investigated the cracking of n-hexane and mesitylene on
HZSM-5. Coke deposits formed from n-hexane cracking were distributed
homogeneously throughout the crystal, while coke deposits formed from
mesitylene cracking were deposited on or near the external surface. Hence
bulky molecules such as mesitylene promote coke formation on the external
surface, while smaller molecules, at least initially, promote coke formation in the
channels. Anderson et al. [1989b] report that deacidification of the external
surface of HZSM-5 with SiCls reduces the amount of aromatic residue held
externally, especially at higher temperatures.
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1.1.4.4 The location of coke

An important problem related to the coking of zeolites is the formation and
location of the coke deposits, namely in the channels, in the cavities or on the
external surface. Most researchers believe that coke is initially formed in the
channels of HZSM-5 and later on the external surface [Anderson et a/., 1989b;
Bibby et al., 1986; Bulow et al., 1987 for example]. Magnoux et a/. [1987] also
propose that initial coke formation occurs in the channels and cavities of HM
and HY before coke is formed on the external surface.

The amount of coke deposited on HZSM-5 before external coke is detected
varies. Bibby et al. [1986] report values of 14 - 18 wt% before the onset of
external coke formation, whereas Behrsing et al. [1989] report a value of 6
wt%. However, Anderson et al. [1989b] report that migration of coke from the
channels to the external surface occurs as the temperature is raised. Hence the
amount of coke on the external surface may depend on the reaction and/or
reaction conditions. This is in agreement with Bhatia et a/. [1989-90]. Bibby et
al. {1986} also state that coke continues to form during thermal cracking
reactions on the hot catalyst bed, even after complete deactivation.
Furthermore, the amount of coke formed was found to be in excess of the pore
volume, with ratios of external coke to internal coke ranging from 5 - 14 for
different particle sizes.

1.1.4.5 The mode of deactivation

Magnoux et al. [1987] investigated the deactivation modes of HM, HY and
HZSM-5 during n-heptane cracking. Coke formation, initially very rapid on HM
and HY, is very slow on HZSM-5. As mentioned in Section 1.1.4.4, coke is
formed initially in the channels and cavities, and then on the external surface.
The modes of deactivation are described below [Magnoux et al., 1987].

(i)  On HM, deactivation is mainly due to pore blockage.

(ii) On HY small polyaromatics are initially formed on the strongest sites, until
diffusion becomes slow and the bulky molecules block the entry to the
cavities. Then the coke content increases at a slower rate as new coke
molecules are formed, but also due to the growth of existing coke
deposits, both in the channels and on the external surface.
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(iii) For HZSM-5 deactivation is initially due to coverage of acid sites located
at channel intersections by small (1 or 2 ring) aromatics. Later on,
bulkier polyaromatics form extremely slowly on external acid sites or from
acid sites located near the external surface, thereby blocking the
channels.

1.1.4.6 Summary

The smaller aromatic molecules formed in the channels of HZSM-5 can diffuse
out of the channels with relative ease due to the intersecting channel system of
this zeolite. Thus HZSM-5 does not deactivate extensively due to coke
formation in its channels. However, when coke formation on the external
surface becomes dominant, the poly-aromatic molecules on the external surface
block access to the channels. It is this coverage of the external surface which
causes the deactivation of HZSM-5, as indicated by Figure 1.20.
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FIGURE 1.20: Schematic representation of the coke distribution on HZSM-5 for (a) low coke

content, and (b) high coke content [Magnoux et a/., 1987]



24 Chapter 1 - Introduction

1.1.5 ZSM-5 SYNTHESIS

The synthesis of ZSM-5 was patented by Argauer and Landolt [1972] in the
early seventies. The synthesis method essentially follows the gel method.
Zeolites, with the possible exception of silicalites, are synthesized in an oxide
system containing H,0-SiO,-Al;03-(alkali, alkaline earth, organic cation) at
temperatures below 200 °C and at autothermal pressures [Sand, 1980].

Si n.m.r. studies [Boxhoorn et a/., 1983] have provided evidence for the
presence of the double five ring silicate shown in Figure 1.21. With a relatively
small number of breaking and formation of Si-O bonds, the building block for
ZSM-5 can be obtained [Kokotailo et a/., 1978]. Provided the pH conditions are
high enough { > 10.5 for the presence of Al{OH)4’) it has been proposed that
an intermediate aluminosilicate species may be formed via a condensation
reaction [Roozeboom et a/., 1983]. These species could give rise to aluminium
analogues of the siliceous ZSM-5 building blocks shown in Figure 1.21.

)~ —

Figure 1.21: Formation of the ZSM-5 building block from a double 5-ring silicate

The main variables of the gel method for zeolite synthesis are:

- the organic cation or template
- the pH of the synthesis mixture
- the aluminium content

- the nature of the silicon source
- the alkali metal cation

These variables and their influence on catalyst characteristics are briefly
discussed in the following sections.
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1.1.5.1 The role of the template

Gabelica et al. [1983a] report that tetrapropylammonium (TPA) ions which are
used as a template during ZSM-5 synthesis form complexes with aluminosilicate
and silicate species, subsequently replicating the framework via stereospecific
interaction.

It has been suggested that a maximum of one TPA cation occupies each
channel intersection. The number of channel intersections per unit cell in
ZSM-5 is 4. Indeed, it was shown by Nagy et a/. [1983] that the number of
TPA cations (3.3 - 3.8 per unit cell) approaches this value. Rollmann [1983]
showed that TPA+/SiO, ratios greater than 0.05 are required for complete
zeolite pore filling and correspondingly good synthesis yields. This corresponds
to 3 - 4 TPA molecules per unit cell.

1.1.5.2 The influence of pH

While the nucleation and growth rates normally increase with increasing pH, at
very high OH™ concentrations (pH values above 11-12), the OH  species
attached to the aluminosilicate groups undergo ionization and prevent further
polymerization. Nucleation starts to compete with growth. The formation of
small particles is observed, mainly due to a secondary nucleation of the
ingredients released from the dissolution of the larger units [Derouane and
Gabelica, 1986; Szostak, 1989]. At lower pH values (pH values below 9) the
dissolution process is essentially absent and large crystals are formed. The
OH/SiO, ratio most strongly influences the composition and degree of
polymerization of the aluminosilicate unit, and thus crystallite size.

1.1.5.3 The effect of aluminium content

It has been observed that the crystallization rate and crystallite size decrease for
increased Al content [Van der Gaag, 1985]. The incorporation of Al into the
structure is disruptive, and thus the more Al present in the synthesis gel the
more difficult it becomes to be incorporated into the structure. This then leads
to the growth of smaller crystals.
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Another factor which may influence the crystallite size is the effect of agitation.
This may have the effect of increasing the homogeneity of the synthesis mixture
and hence of the aluminium contained in the synthesis gel. Agitation may resuit
in smaller crystals.

1.1.5.4 The effect of the silica source

Derouane et al. [1981] reported that the use of polymeric silica as silica source,
and with low Si/Al ratios, a small number of nuclei were formed via liquid phase
ion transportation. This produced large crystals with inhomogeneous aluminium
distributions. Many small crystals were formed when monomeric silica was
used as silica source and when the Si/Al ratio was higher. Crystallization
proceeded via solid phase hydrogel transformations. The aluminium distribution
was found to be more homogeneous. It was proposed that the two
mechanisms were essentially dependent on the silica source and the relative
concentrations of the reactants.

1.1.5.5 The effect of the alkali metal cation

Gabelica et al. [1983b] have reported that the nucleation process is affected by
the properties of the alkali cation. Depending on their size, they can have a
structure forming effect (Li, Na), or a structure breaking effect (K, Rb, Cs).
Structure forming alkali cations such as Li or Na resulted in the rapid
crystallization of many, but small polycrystalline aggregates. On the other hand,
when a structure breaking alkali cation was added to the synthesis mixture,
large crystals were formed.



Zeolites 27

1.1.6 THE ELIMINATION OF THE EXTERNAL ACIDITY OF ZEOLITES

From Sections 1.1.3 and 1.1.4 it has become clear that the external surface of
zeolites, especially in ZSM-5, can play a major role in non-shape selective
reactions and in the coke induced deactivation of these zeolites. Bhatia et al.
[1989-90] state that, "for shape selectivity to occur, essentially all the catalytic
active sites must be in the interior of the pores. The exterior area of the zeolite
crystals is only about 1% of the total, but if diffusion limitations are significant,
it may be necessary to poison or inactivate exterior sites so they do not
contribute excessively to the reaction." Anderson et al. [1989b] state that
"retained products may function as possible precursors to coke formation and
deactivation of the catalyst. Deacidification of the external surface would
reduce the amount of aromatic residue held externaily.”

There are several methods of altering the acidity of zeolites. This section
discusses some of these methods, the main emphasis being placed on the
methods which are most likely to eliminate selectively the external acidity with a
minimum of change to the bulk of the zeolite.

1.1.6.1 Hydrothermal treatment

The activity of HZSM-5 can be increased by mild steaming treatments [Nayak
and Choudhary, 1984; Zholobenko et a/., 1990; Andersen, 1991]. Nayak and
Choudhary [1984] and Lago et al. [1986] report a decrease in total acidity for
steamed HZSM-5 from TPD-studies, due to the dealumination of the catalyst
and the formation of extraframework Al species. XPS studies [Nayak and
Choudhary, 1984] show an increase in the concentration of Al on the surface of
the zeolite. Enrichment of the surface with Al has also been found for zeolite Y
by Akporiaye et a/. [1986]. Furthermore, steaming causes the formation of
mesopores [Szostak, 1991]. Therefore hydrothermal treatment is not suitable
for the selective dealumination of the external surface.
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1.1.6.2 Leaching methods

Acid leaching is a dealumination method which is often used in conjunction with
other methods, such as steaming. The extraframework Al species are removed
from the zeolite using this method [Scherzer, 1984]. Steaming followed by acid
leaching tends to leave HZSM-5 and HM with an Al deficient surface, but leaves
HY with a near uniform distribution [Szostak, 1991]. However, according to
Anderson et al. [1989a] and Handreck and Smith [1990] this method is not
suitable for selective external surface dealumination.

The use of EDTA to dealuminate HY was first reported by Kerr [1968]. This
method results in Al deficient surfaces [Dwyer et a/., 1981], but also in the
formation of mesopores [Akporiaye et al., 1986; Szostak, 1991]. However,
bulk dealumination, at least for large pore zeolites such as HY, does occur.

1.1.6.3 Chemical treatment

Beyer and Belenykaja [1980] were the first to report on the bulk dealumination
of zeolites using SiCls. They were able to increase the Si/Al ratio of NaY from
2.5 to 50 without the destruction of the zeolite structure, using temperatures
ranging from 457 - 557 °C. It is believed that Al atoms were replaced by Si
atoms according to the following reaction:

M1 [AIO2.(SiO2)x] + SiCly ---> 1/n MCIl, + AICl3 + [(SiO2z)x+1]

where M is the charge balancing cation (in this case Na).

Martens et al. [1990] showed this is in fact a 2-step reaction. Beyer and
Belenykaja [1980] noted that AICI3; and NaCl species blocked the channels, but
these could be removed by acid leaching.

Namba et al. [1986] investigated the dealumination of Na-ZSM-5 using SiCls.
They noted that the structure was not destroyed and that the external acid sites
were removed more selectively than the internal acid sites. Furthermore, the
rate of 1,3,5-triisopropylbenzene (too large to enter the channels) cracking was
found to be lower on SiCls dealuminated HZSM-5 than on the parent HZSM-5.
SiCls dealumination also improved the shape selective alkylation of 1,2,4-
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trimethylbenzene with methanol. Cracking of cumene resulted in less coke
formation on SiCls dealuminated HZSM-5.

It was shown by Anderson et a/. [1989a] that the lowest temperature, time and
SiCls4 partial pressure in their studies (600 °C, 1 min, 1.04 kPa respectively)
resulted in the best surface dealumination for HZSM-5. However, they noted
that for large extents of surface dealumination, bulk dealumination will take
place. On the other hand, for minimal bulk dealumination, surface
dealumination will be incomplete. These findings have also been confirmed by
Handreck and Smith [1990], who reported that dealumination using SiCls,
followed by acid leaching, did not remove aluminium selectively from the
crystalline surface.

(NH4),SiFs has been used to dealuminate zeolite Y [Akporiaye et al., 1986;
Neuber et al., 1988; Skeels and Breck, 1984]. This method does not
dealuminate the external zeolite surface preferentially, but in fact produces the
most homogeneous Al dispersion [Szostak, 1991] when compared to EDTA and
steam dealumination. This method does not result in the formation of
mesopores [Akporiaye et al., 1986]. Liu and Xu [1989] claim that NH4BF, gives
a more crystalline product compared to (NH4)2SiFg, and that this is achieved
without boron insertion into the framework.

1.1.6.4 Chemical vapour deposition

The use of chemical vapour deposition (CVD) to cover the external surface with
silicon alkoxides has been investigated by Niwa and co-workers. Silicon
alkoxides were chosen for their size and were not expected to enter the
channels of the zeolite. Niwa et a/. [1984b] have reported on the deposition of
Si(OCH3)4 (kinetic diameter 0.89 +- 0.02 nm) at 320 °C on HM. The amount
of deposition was controlled by varying the partial pressure and deposition time.
The weight gain was measured using a microbalance.

Niwa et al. [1988] report that during deposition at ambient temperatures,
decomposition products {methanol, dimethyl ether) are adsorbed by the zeolite.
These can be desorbed by raising the temperature. At higher deposition
temperatures lower hydrocarbons were observed, possibly due to methanol
conversion on HM. The catalyst was calcined in oxygen after the deposition, as
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some carbonaceous material had formed [1984a]. The reaction mechanism
proposed by Niwa et al. [1988] is shown in Figure 1.22. First, the alkoxide
reacts with the hydroxyl on the external surface to yield the anchored
trimethoxide and methanol. Secondly, the trimethoxide is hydroiyzed by the
remaining water in the system to form hydroxyl groups, which react further
with the gaseous alkoxide or the vicinal trimethoxide. A polymeric silica layer
consisting of siloxane bonds is obtained.
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FIGURE 1.22: Reaction scheme for the Chemical Vapour Deposition of Si{OCH3)4 [Niwa et a/.,
1988]

A similar modification has been reported by Richter et a/. [1991], who used 12-
tungstosilicic acid. They claim that the Keggin unit (SiW12040)% cannot
penetrate the ZSM-5 channel system but becomes deposited on the external
surface. However, thermal decomposition of the acid yields WQO3 at high
loading accompanied by a loss of acid sites in the channel system. This is not
exclusively caused by further dealumination but has to be partially attributed to
site blocking by WO3;. Obviously, the decomposition of the acid involves mobile
species of smaller sizes which are able to migrate into the interior of the zeolite.

Niwa et al. [1988] employed various silanes, viz. Si{(OMe)4, Si{(OMe)Mez and
SiMes. Si(OMe)s was found to be the most reactive. The methoxy group must
be present for successful deposition of the silane. Furthermore, it was found
that Si{OMe)4 is more reactive than Si(OEt)4 [Niwa et a/., 1989].

NH3-TPD studies of HM [Niwa et al., 1984a] and HZSM-5 [Niwa et al., 1986]
indicated that neither the peak maximum temperature nor the amount desorbed
changed for the samples modified by Si(OCH3)s deposition. Similarly, The H.0
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and N2 adsorption capacity and adsorption rate remained unchanged, whereas
for o- and p-xylene the adsorption rate decreased significantly [Hibino et al.,
1991; Niwa et a/., 1986; Niwa et a/., 1984a] for the modified samples. These
findings confirmed the conservation of zeolite adsorption capacity (ie. Si{(OCHs)4
deposition did not affect the internal acid sites), but also implied that the
channel openings were narrowed by the deposition of the silane. This was also
shown by Niwa et a/. [1984b], who found that the rates of hexane, 2-methyl
pentane and 2,2-dimethyl butane sorption on modified HM were suppressed by
Si(OCH3)4 deposition, especially for the branched molecules.

SEM studies indicated no differences between modified and unmodified
catalysts. XPS showed an increase in the Si content of the surface layer of
modified samples [Niwa et al., 1984a]. IR studies revealed C-H stretching
vibrations at 2950 and 2850 cm', which were removed by calcination in O; at
400 °C [Niwa et al., 1986]. Hydroxyl bands at 3740 and 3600 cm! were
altered upon deposition. The intensity of the 3600 cm? band was restored
upon desorption of the decomposition products of the CVD process. This
indicated that the internal Brénsted acid sites were not altered by the
deposition. The 3740 cm' band was not restored completely upon desorption
of the decomposition products of the CVD process, indicating that the isolated
Si-OH existing on the external surface was altered by the deposition process.

Various reactions have been applied to investigate the effects of silane
deposition. The cracking of Cg-paraffins on HM [Niwa et a/., 1984b] showed
that the cracking of octane remains unaffected, whereas 2,2,4-trimethyl
pentane is unreactive on modified samples. Methanol conversion on modified
HZSM-5 [Niwa et al., 1986] showed a decrease in large (aromatic) molecules
and a corresponding increase in that of small olefins. Details of the aromatic
product distribution reveal a remarkable change towards the smaller isomers
with increasing deposition, indicating greatly enhanced shape selectivity due
mainly to pore narrowing but also due to deacidification of the external surface.
The lifetime was not enhanced by the deposition. The results of studies of the
alkylation and disproportionation of toluene and the isomerization of o-xylene on
HZSM-5 [Hibino et al., 1991], showed similar increases in the fraction of the p-
isomer selectivity, the p-xylene selectivity reaching 98% in some catalysts. In
the case of 1,3,5-triisopropyl benzene cracking, which cannot enter the
channels of HZSM-5, the conversion was virtually completely suppressed with
high levels of deposition.
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1.1.6.5 Silicalite shells

A US patent by Rollmann [1980] reports on the silicalite-l coating of ZSM-5 by
reintroduction of the ZSM-5 crystals into an aluminium-free synthesis mixture.
This is said to yield ZSM-5 crystals with an Al-rich core with an Al-free shell
with an isostructural configuration. Handreck and Smith [1990] investigated
this method of coating the external surface and concluded that this method did
not restrict access to the channels of the zeolite. However, the possible
presence, in the final product, of acidic amorphous silica that has the potential
to catalyze reactions in a non-shape selective manner may place a limit on the
overall effectiveness of this method.

Warzywoda et al. [1991] investigated seeding Al-free ZSM-5 crystallizations
with Al-free crystals to study the role of the seed crystal in promoting the
synthesis of a subsequent batch. They noted that very little growth was
observed, but that new populations were observed to form both around the
seeds and on the seed surface. Jacobs and Martens [1987] note that for
successful seeding the template-to-silica ratio should be kept low when large
amounts of seeds are used.

Lee et al. [1993] report that the inactivation of the acid sites on the external
surface by coating the crystals increases the p-selectivity in toluene alkylation,
without narrowing of the channeis. In this case Na-ZSM-5 was used as seeds.
XRD patterns of coated crystals showed reduced intensities of the peaks near
7.9° and 23.1° 26 . Crystal sizes could not be compared quantitatively by SEM
pictures only, as a catalyst with a shell-to-core weight ratio of 1:1 is only
expected to be 1.26 times larger than the seed. NHj;-TPD showed decreased
peak intensities and the peak maximum temperatures were also tower for the
coated samples. Both these observations were probably due to the reduction in
the number of acid sites per unit weight of catalyst, because the modified
catalysts consisted of both ZSM-5 and silicalite-l phases.
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1.2 TEMPERATURE PROGRAMMED DESORPTION FROM ZEOLITES

The temperature programmed desorption technique is commonly ascribed to
Amenomiya and Cvetanovic [1963a], who reported this technique in 1963 using
an ethylene-alumina system. The technique involves the desorption of a probe,
previously adsorbed under controlled conditions, from a catalyst into an inert
carrier gas, by raising the temperature of the catalyst linearly and measuring the
amount of probe desorbed using a suitable detector.-

Numerous catalysts have been investigated using this method, such as alumina
[Amenomiya and Cvetanovic, 1963a; Amenomiya and Cvetanovic, 1963b;
Amenomiya and Cvetanovic, 1963c; Amenomiya et al., 1964], silica-alumina
[Amenomiya and Cvetanovic, 1970; Schwarz et al., 1978], zeolite X [Kiskinova
et al., 1981), mordenite [Kapustin et a/.,, 1988] and ZSM-5 [Kofke et a/., 1988;
Topsoe et al., 1981; Hidalgo et a/., 1984]. The probes which have been used
include ammonia [Amenomiya et al., 1964; Post and Van Hooff, 1984; Iwamoto
et al., 1986], pyridine [Schwarz et al., 1978; Topsoe et al., 1981; Parrillo et al.,
1990]), alkenes [Amenomiya and Cvetanovic, 1963a; Kofke and Gorte, 1989],
alcohols [Kofke et al., 1988; Kofke et al., 1989] and other amines [Post and
Van Hooff, 1984; Pope, 1990; Parrillo et a/., 1990]. The detectors used have
included infrared [Topsoe et a/., 1981; Parrillo et al., 1990}, flame ionization
[Nayak and Choudhary, 1983] and thermal conductivity [Amenomiya and
Cvetanovic. 1963a] detectors, and mass spectrometers [Schwarz et a/., 1978;
Kofke et al., 1988; Parrillo et a/., 1990].

The desorption spectrum is a plot of desorption rate versus temperature, and
consists of one or more peaks which identify specific sites on the catalyst
surface. Using suitably calibrated thermal conductivity detectors, flame
ionization detectors, mass spectrometers or titration methods, the amount of
desorbed material can be determined and, in the case of bases desorbed from
acid catalysts, this can be related to the number of acid sites on the catalyst
surface. In principle, a distribution of acid site strength with respect to
temperature can be obtained. Desorption activation energies can also be
obtained [Cvetanovic and Amenomiya, 1972], but valid interpretation of the
data is essential.
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The peak shape and the position of the peak maximum have been investigated
thoroughly, and are functions of readsorption of the probe molecuie onto the
channel walls [Gorte, 1984; Cvetanovic and Amenomiya, 1967; Rieck and Bell,
1984], diffusion [Gorte, 1984; Jones and Griffin, 1981], particle size [Tronconi
and Forzatti, 1985], bed depth [Rieck and Bell, 1984], carrier gas flowrate
[Rieck and Bell, 1984], surface heterogeneity [Amenomiya and Cvetanovic,
1963c] and surface coverage [Schwarz et a/., 1978; Kiskinova et al/., 1981].
The activation energy for desorption can be calculated by using different
heatir.g rates, assuming first order desorption and that large pore diffusional
effects are absent [Cvetanovic and Amenomiya, 1972]. Usually, the rate
limiting step in porous catalysts is the diffusion of the probe out of the catalyst
(due to readsorption) [Gorte, 1982; Demmin and Gorte, 1984; Jones and
Griffin, 1983]. Gorte [1982] and Demmin and Gorte [1984] have proposed a set
of design parameters, in the form of dimensionless groups, by which it is
possible to carry out TPD experiments under conditions which will ensure sound
data interpretation.

1.2.1 TEMPERATURE PROGRAMMED DESORPTION THEORY

A mathematical model of temperature programmed desorption has been
described by Cvetanovic and Amenomiya [1967 and 1972]. They assumed a
linear heating rate, first order desorption kinetics, an energetically homogeneous
surface and no diffusional or readsorption effects. The following expressions
were lerived:

where,

A expl-Eq/RTmax) = DE4/RT max? (1.1)

(kq);m = desorption rate constant

A = pre-exponential factor

Eq = desorption activation energy

R = gas constant

Tmax = temperature of peak maximum
b = heating rate

Equation 1.1 can be rewritten as:

210 Thax - INb = Eg/RTmax + IN(E4/AR) (1.2)
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From Equation 1.2 it can be seen that the desorption activation energy can be
obtained by plotting (2 In Tax - In b} versus 1/T,,«- It should be noted that
when the variation of the heating rate, b, is small, the accuracy of this method
will be low.

The peak shape can, in principle, provide values of E4, but only for
homogeneous surfaces without readsorption, as in such cases the peak shape is
uniquely defined by the ratios Ey4/Tmax [Cvetanovic and Amenomiya, 1972].
However, due to dispersion in the lines linking the sample cell to the detector,
significant peak broadening may still occur before the desorbed adsorbate
reaches the detector.

As previously mentioned Gorte [1982] and Demmin and Gorte [1984] have
proposed a set of design parameters, in the form of dimensionless groups, by
which it is possible to carry out TPD experiments under conditions which will
ensure sound data interpretation. The design parameters are listed in Table 1.1.

Complications due to lag times in the sample cell (Group 1 in Table 1.1},
resulting in long residence times, should be avoided. Diffusional limitations in
the catalyst channels (Group 2) can be minimized by using low heating rates.
Concentration gradients in the catalyst particles will be significant when Group
3 is greater than 0.05. Low flowrates will result in smaller concentration
gradients in the catalyst particles. When Group 3 is greater than 10 the
flowrate may be considered infinite since the mass transfer process is then
diffusion limited. Group 4 determines the extent of back-mixing in the packed
bed. When Group 5 is greater than unity readsorption will be important even
for infinite flowrates. When flowrates are low enough so that no gradients are
present in the particles, the importance of readsorption is determined by Group
6. These parameters are often much greater than 1, especially in porous
materials, indicating that readsorption can often significantly increase the
observed peak temperature.

When conducting experiments under conditions for which the criteria for cell
(convective) and channel (diffusive) lag times are satisfied, yet with flowrates
high enough to generate concentration profiles within the channels, then valid
comparisons of TPD spectra can still be made if constant heating rates, catalyst
masses, carrier gas flowrates and initial surface coverages are used in all cases.
Also, since the peak temperature may be raised due to readsorption, when the
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magnitude of the Group 3 parameter exceeds 10 (infinite flowrate, diffusion
limited), both the TPD peak shape and temperature willi remain unaffected by
changes in the flowrate. Under these conditions comparisons of TPD spectra
will be more meaningful than if fluctuations in the carrier gas flowrate would
affect the desorption peaks. This does not allow for the determination of
absolute values of adsorption energies, but relative values may still be obtained
from the peak temperatures.

The parameters proposed by Demmin and Gorte [1984] have been derived
assuming first-order desorption kinetics and the bed is modelled as a CSTR.
Jones and Griffin [1983] considered the case of Langmuir adsorption kinetics,
since this is more appropriate than the assumption that desorption (or
readsorption) is independent of surface coverage. They assumed the TPD
process to be diffusion limited. For desorption from a flat surface (ie. no
readsorption) the TPD spectrum exhibits essentially a Gaussian distribution
[Jones and Griffin, 1983; Gorte, 1982; Demmin and Gorte, 1984; Herz et al.,
1982]. If readsorption occurs the TPD spectrum is skewed towards higher
desorption temperatures [Jones and Griffin, 1983; Gorte, 1982; Demmin and
Gorte, 1984]. Jones and Griffin [1983] showed that, for higher initial
coverages, there is an increase in the desorption rate on the leading edge (low
temperature side) of the TPD spectrum. The higher fraction of occupied sites
meant that diffusing molecules are less likely to be "restrained” by readsorption,
especially at the start of desorption. Also, as a result of readsorption and
because of saturation effects associated with Langmuir adsorption kinetics, the
peak maximum temperature shifts to lower values as the initial coverage is
increased.
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Figure 1.23: Simulated TPD spectra [Jones and Griffin, 1983]
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TPD design parameters [Demmin and Gorte, 1984]

Definition

Observed Effect

Ideal requirement

TABLE 1.2:
Parameter
1. P\
Q(Tf - To)
2. eprg
DP(Tf - To)
3 Qr
4mr2NDp
q. QL2
VDg

2
5. angsgr

P

®

Q

apsFV(1-&g)

Residence time
of carrier gas

Time constant for
diffusion out of
an individual
particle

Ratio of carrier gas
flowrate to rate of
diffusion

Ratio of carrier gas
flowrate to axial
mixing

Ratio of adsorption
rate to diffusion
rate

Ratio of adsorption
rate to carrier gas
flowrate

Convective lag

Diffusive lag

Particle concentra-
tion gradients

Bed concentration
gradients

Readsorption at
infinite flow-
rate

Readsorption at
low flowrate

Must be <0.01 for
negligible lag

Must be <0.01 for
negligible lag

Must be <0.05 for
negligible gradient

Must be <0.1 for
valid CSTR model

Must be <1 for
negligible
readsorption

Must be <1 for
negligible
readsorption

where,

(7 © m O
<glfidv "D zzrmee oo™

I

fl

il

I

It

I

particle surface area (cm2/g)

heating rate (K/sec)

bed dispersion coefficient (cm/sec)
particle dispersion coefficient (cm2/sec)

bed porosity
particle porosity

(RT/20rM)V2 (cm/sec)

bed length (cm)

molar mass (g/mol)

number of particles in the bed

particle density (g/cm3)

carrier gas flowrate (cm3/sec)

radius of particles (cm)

ideal gas constant (g cm2/mol sec? K)

sticking coefficient
temperature (K)

final temperature (K)
initial temperature (K)
bed volume (cm3)
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As mentioned earlier, the peak shape and peak maximum temperature, Tqax
can be altered by a number of factors. The most important of these are surface
heterogeneity, surface coverage, readsorption and diffusion, but carrier gas
flowrate, bed depth and particle size also affect either the peak shape or the
peak maximum temperature.

1.2.1.1 Surface heterogeneity and surface coverage

Amenomiya and Cvetanovic [1963c] proposed that if the activation energy of
desorption and the peak maximum temperature are constant, only the peak size
would change depending on the amount of material adsorbed. However, by
decreasing the amount of propylene adsorbed on alumina, the peak maximum
temperature increased. They noticed that the leading edge (low temperature
side) of the peak was gradually removed, whereas the trailing edge (high
temperature side) remained unchanged. They concluded propylene was
preferentially adsorbed onto strong sites, and these results indicated surface
heterogeneity, or a range of activation energies of desorption (assuming no
readsorption). Amenomiya et al. [1964] showed similar results for the
desorption of ammonia from alumina.

When it is assumed that no readsorption occurs during temperature
programmed desorption, the position of Ty« is independent of initial surface
coverage, if all adsorption sites are homogeneous. On heterogeneous surfaces
the adsorbate will adsorb preferentially on the strongest acid sites, in which
case Thax Will increase with decreasing surface coverage. Such a shift in T,y
has therefore been regarded to indicate a potential existence of surface
heterogeneity. However, even with homogeneous adsorption sites there will be
a similar shift if readsorption occurs [Cvetanovic and Amenomiya, 1967].

1.2.1.2 Readsorption and diffusion

Readsorption is intrinsic to the adsorption system being studied and can often
not be eliminated by changing experimental parameters. The possibility of
readsorption in porous catalysts should always be considered since it can raise
Tmax by several hundred degrees. The extent to which readsorption influences
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the peak position and shape was studied using a model developed by Rieck and
Bell [1984], and was found to be comparable to Gorte's findings [Gorte, 1982].

When the desorption of the adsorbate is greater than its diffusion out of the
channels of the catalyst, then adsorbate partial pressure builds up inside the
catalyst. This can cause a lag in the detection of the desorbing adsorbate
[Gorte, 1982]. The desorption is no longer the rate-limiting process, and the
measured flux of molecules leaving the sample is determined by the rate of
diffusion out of the catalyst channels, as modified by readsorption on the
channel walls [Jones and Griffin, 1983]. These effects can be reduced by
judicious choice of experimental conditions. However, for microporous solids,
especially zeolites and molecular sieves, it may not be possible to eliminate
these effects totally.

Readsorption should be considered especially when reaction is occurring along
with desorption [Gorte, 1982]. The many desorption and readsorption
processes imply that TPD with reaction will not be much different from running
a reaction at the instantaneous pressure and temperature of the desorption.
Thus only questions about the reaction, which cannot be answered by reaction
studies, should be addressed using TPD.

1.2.1.3 Carrier gas flowrate, bed depth and particle size

An increase in carrier gas flowrate results in a peak shift to lower temperatures
and sharper peaks [Rieck and Bell, 1984]. Such effects have been reported by
Fletcher [1984]. With increasing flowrate, the concentration of the adsorbate in
the voids between the particles decreases, thereby increasing the concentration
gradient within the particle and decreasing the concentration at the center of
the particle. This accelerates the rate of desorption while suppressing the rate
of readsorption, thus shifting the peak temperatures to lower values. Hence,
equilibrium readsorption prevails when a carrier gas is used to sweep away the
desorbing adsorbate.

Rieck and Bell [1984] also showed that an increase in particle size increased the
peak temperature. However, an increase in carrier gas flowrate would result in
a point where the peak position and shape would no longer be sensitive to
flowrate, as the desorption process would be dominated by intraparticle mass
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transfer. These findings correspond to those obtained by Tronconi and Forzatti
[1985].

An increase in catalyst mass, or bed depth, may result in axial gradients along
the bed [Rieck and Bell, 1984]. This will affect the desorption rate in a similar
way to changes in the flowrate. A decrease in catalyst mass will tend to lower
Tmax: Should axial gradients be present, most models used are no longer
appropriate as the bed is usually modelled as a CSTR.

1.2.1.4 Summary

The importance of the need for detailed information has been highlighted in the
preceding sections when wishing to analyze TPD spectra. The influence of the
various experimental parameters is pronounced, and makes comparisons
difficult if the experimental parameters are not identical. It is therefore difficuit
to make claims about the strength of the acid sites of different catalysts, as
indicated by T3« based solely on TPD data. Especially when comparing
modified catalysts, a change in T,;x may not be due to a change in acid
strength, but rather due to a change in one or more experimental parameters.
However, T,ax and the peak shape may still be instructive indications of
changes to the system. The amount of adsorbate desorbed from the catalyst is
also an instructive parameter obtained from TPD studies.

1.2.2 TEMPERATURE PROGRAMMED DESORPTION FROM ZSM-5

Topsoe et al. [1981] studied the acidic properties of ZSM-5 type zeolites by
infrared spectroscopy and temperature programmed desorption. Ammonia was
adsorbed at 20 °C until saturated, then eluted at 20 °C before increasing the
temperature linearly. They observed three peaks with maxima in the regions
60-100 °C, 150-200 °C and 420-500 °C, named a, B and y respectively. They
proposed that the y-peak was associated with the adsorption of NHs on strong
Bronsted and/or Lewis acid sites, and that these sites would probably be located
at the channel intersections. The IR band at 3605 cm™ (Si-OH-AIl groups) was
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found to be characteristic of these sites. The B-peak was ascribed to silanol (Si-
OH) groups of weaker Brénsted acid strength, corresponding to an IR band at
3720-3740 cm', or with adsorption of NH3 on Na counterions. The a-peak was
thought to be due to nonzeolitic material and did not seem to have any catalytic
function.

These results were confirmed by, amongst others, Hidalgo et a/. [1984]. NH;
was adsorbed and evacuated at 100 °C. TPD spectra showed two peaks at
147 °C (low temperature desorption peak - LTD peak) and 324 °C (high
temperature desorption peak - HTD peak) respectively, but a third peak was
observed at lower temperatures when NH; was adsorbed at 20 °C. The IR
band at 3605 cm'! was also ascribed to Si-O-Al groups, corresponding to the
HTD peak. They did, however, suggest that the low temperature desorption
peak (147 °C) is also in some way related to the IR band at 3605 cm (Si-O-Al
groups). Indeed, Ilwamoto et a/. [1986] suggested that the LTD peak of NHj3
results from physisorbed or very weakly chemisorbed molecules, but not from
NH3; bonded to weak acid sites. Furthermore, Pope [1990] suggested that,
unlike other larger amines, more than one NH3 molecule can be adsorbed
strongly per acid site. A peak at higher temperatures (677 °C and above) was
found to be due to dehydroxylation of the zeolite [Hidalgo et a/., 1984; Iwamoto
et al., 1986].

Post and Van Hooff [1984] investigated NH3-TPD and n-hexane cracking on
HZSM-5 and silicalite-l (which is isostructural to ZSM-5, but has no acidity).
They observed a LTD peak and a HTD peak from HZSM-5, but only a LTD peak
from silicalite-l. The acidity of silicalite-1 arises from Si-OH groups at the crystal
surface. Furthermore, since silicalite-l shows no activity for n-hexane cracking,
only the HTD peak from HZSM-5 is of catalytic interest. Hunger et al. {1990]
increased the NH3 dosage gradually, and noticed that the HTD peak appeared
first, and the LTD peak appeared only when the dosage was increased. This
implies that the adsorbate is adsorbed preferentially onto the strong acid sites,
as indicated by the HTD peak. This is in agreement with the findings of
Cvetanovic and Amenomiya [1967].

It has been pointed out that the use of certain amines may give unreliable
results for the measurement of acid site concentration due to the reactivity of
the molecules upon heating, or the exclusion of two molecules present at
adjacent sites [Pope, 1990]. Parrillo et al. [1990] examined the desorption of
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simple amines (methyl-., ethyl-, n-propyl-, isopropyl- and t-butylamine) as well as
pyridine. For each adsorbate a well defined adsorption state corresponding to a
coverage of one molecule per aluminium atom could be identified by using TPD-
TGA. Amine molecules adsorbed in excess of one molecule per site desorbed
unreacted at much lower temperatures. This excess is thus equivalent to a LTD
peak. With the exception of methylamine and pyridine, the 1:1 complexes
formed by each amine reacted completely to desorb as ammonia and alkene
products (equivalent to a HTD peak). Pyridine desorbed intact above 423 °C.
Infrared spectroscopy was used to demonstrate that the stoichiometric
complexes formed for each amine were protonated and associated with the
hydroxyls at the aluminium sites in the zeolite. These results imply that the acid
sites in HZSM-5 are simple Brénsted sites. Very similar results were obtained
by Kofke et a/. [1988] using simple alcohols and by Kofke and Gorte [1989]
using simple alkenes as adsorbates.

Kofke et al. [1989] studied the temperature programmed desorption of 2-
propanol and 2-propanamine on HZSM-5, HZSM-12 and HM. On all three
zeolites 1:1 adsorption complexes with similar reactivities were formed. The
complexes decompose at the same temperatures and form the same products
on all three zeolites. For this reason Kofke et al. [1989] claimed that the acid
sites formed by isolated aluminium atoms in the zeolite lattice are chemically
equivalent, independent of the structure of the lattice.

However, the influence of acid site strength, number of acid sites and zeolite
structure seems to be uncertain. Hidalgo et al. [1984] reported the peak
maximum temperature of HZSM-5 to be essentially independent of Si/Al ratio.
Kapustin et a/. [1988] reported a decrease in peak maximum temperature with
increasing Si/Al ratio. They also compared peak maximum temperatures for
HZSM-5 and HM, having similar heats of adsorption, and deduced that the
structure influenced peak maximum temperatures, which is contrary to the
findings of Kofke et al. [1989]. For this reason they concluded that the peak
maximum temperature could not be used for comparisons of the acid site
strengths of different zeolites. Iwamoto et al. [1986], in agreement with
Kapustin et al. [1988], found that the aluminium content influenced the peak
maximum temperature, but found that the structure had no effect, which is in
agreement with Kofke et a/. [1989].
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These apparently contradictory findings of various studies may be explained
when one considers the potentially overwhelming influence of experimental
conditions (catalyst mass, carrier gas flowrate, heating rate, etc) on the
resulting spectra. Furthermore, it seems likely that changes in Si/Al ratios and
the use of different zeolites will result in changes to the competitive interaction
between the desorption and readsorption phenomena. Hence this will result in
changes to the peak maximum temperature of the desorption spectrum.

Evidence for readsorption in HZSM-5 has been reported by Kapustin et al.
[1988]. They noticed that an increase in carrier gas flowrate or a decrease in
catalyst mass resulted in lower values of T, of the NH3-TPD spectrum. A
decrease in T, was also observed by Hunger et al. [1990] for a decrease in
catalyst mass. This is in agreement with the models of Demmin and Gorte
[1984] and Rieck and Bell [1984].

It was aiso shown by Hidalgo et a/. [1984] and Anderson et al. [1979] that the
peak maximum temperature of the HTD peak decreased with increased cation
exchange, whereas that of the LTD peak remained relatively unchanged. This
implies that a increase in ion exchange results in a corresponding loss of acidity.

Although ammonia is used more commonly as adsorbate, the use of pyridine
has also been reported [Parrilio et a/., 1990; Topsoe et al., 1981; Sharma et al.,
1993]. Sharma et al. [1993] have reported that pyridine has a smaller particle
diffusion coefficient than NHj;, due to its greater size. This resulted in higher
values of the peak maximum temperature for pyridine. Similar observations in
peak maximum temperature for NH; and pyridine have been made by Parrillo et
al. [1990]. Topsoe et al. [1981] reported that pyridine desorption helps the
dehydroxylation of the zeolite. The desorption of pyridine from a Bronsted site
results in the loss of a H,O molecule and thus the formation of a Lewis site.

Post and Van Hooff [1984] used a probe which is too large to enter the
channels to study the external surface of HZSM-5. When triethylamine (TEA)
was used instead of NHj, again both a LTD peak (180 °C) and a HTD peak
(490 °C) were observed on HZSM-5, but only a LTD peak was observed on
silicalite-l. However, since TEA is likely to react upon desorption (as shown for
many amines by Parrillo et a/. [1990]), the LTD and HTD peak could also be due
to the desorption of the different reaction products. Since a TCD was used in
these studies as detector, it would not have been possible to differentiate
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between these two possibilities. Furthermore, it is unlikely that a LTD peak
should exist on HZSM-5 or on silicalite-l (indicating physisorbed material) if the
adsorbate is adsorbed onto the external surface. Other adsorbates which have
been used to probe the eternal surface of HZSM-5 include ethyldiisopropylamine
[Pope, 1990], various nitrogen containing (poly-Jaromatic compounds
[Rollimann, 1991], and 4-methyl quinoline [Anderson et al., 1979]. However, no
desorption spectra have been reported in these studies.
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1.3 RESEARCH OBJECTIVES

From the preceding sections, it can be seen that the external surface of ZSM-5
is accessible to molecules of all sizes. The external surface behaves in a non-
shape selective manner. Furthermore, coke formation on the external surface
has a greater deactivating effect than coke formation in the zeolite channels. It
would thus be of great benefit to study the effects of eliminating the external
acidity of ZSM-5.

Of the methods that have been used to dealuminate zeolites, the methods that
are most likely to eliminate the external acidity, without affecting the internal
acidity, are the methods that form a coat around the crystals. Thus in this
study the two methods which have been investigated are (a) coating the ZSM-
5 crystals with a silicalite shell, and (b) chemical vapour deposition.

The analytical tool chosen to determine the success of eliminating the external
acidity, is temperature programmed desorption. Ammonia (critical diameter =
2.4 A) and pyridine (critical diameter = 5.1 A) are used as adsorbates that will
be able to enter the channels of ZSM-5, and 4-methyl quinoline (critical diameter
= 7.3 A) is used to probe the external surface. The detector chosen for these
studies is a mass spectrometer, by virtue of its flexibility in monitoring all
desorbing species simultaneously for the duration of the experiment.

The objectives of this study are:

(i) To modify ZSM-5 by coating the crystals with silicalite shells, by
changing the post-synthesis treatment of the parent crystals (intermediate
treatment), while keeping the modification procedure the same.

(i)  To modify ZSM-5 by chemical vapour deposition, by varying the amount
of tetraethoxysilane deposited onto the catalyst.

(iii) To study the adsorption and desorption of bases from the internal and
external surfaces of unmodified ZSM-5 using temperature programmed
desorption techniques.



46

Chapter 1 - Introduction

(iv)

(v)

To investigate the success and the effects of eliminating the external
acidity of ZSM-5 by means of coating the crystals with silicalite shells
using temperature programmed desorption techniques.

To investigate the success and the effects of eliminating the external
acidity of ZSM-5 by means of chemical vapour deposition using
temperature programmed desorption techniques.



CHAPTER 2

EXPERIMENTAL
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2.1 CATALYST SYNTHESIS AND MODIFICATIONS

This section deals with the synthesis and modifications of the catalyst in
question, namely ZSM-5. A list of all reagents and chemicals used can be found
in Appendix I. The complete synthesis procedure consists of several steps. A
schematic representation of this is given by Figure 2.1. The primary synthesis
is the synthesis of the unmodified, or parent, ZSM-5. Before the catalyst is
modified the catalyst may be treated in several ways. This is the intermediate
treatment (consisting of washing and drying, detemplation or ion exchanging),
after which modification takes place. The catalyst can be modified (i) by
coating the parent crystals with a silicalite shell, which is achieved by
reimmersing the parent crystals in an Al-free synthesis mixture, or (ii} by
chemical vapour deposition, which is achieved by passing a silicon alkoxide over
the parent crystals. Final treatment {(consisting of washing and drying,
detemplation and ion exchange) ensures that the catalyst is ready for use.

PRIMARY
SYNTHESIS w ]"D ] rl ]t

]
SILICALITE |
| SHELLS | |
w
D
| |
‘ CHEMICAL |
| VAPOUR
| DEPOSITICN
]
LEGEND

—
PRODUCT
CATALYST

FIGURE 2.1: Schematic representation of catalyst synthesis and modifications

W - WASHING AND DRYING
D - DETEMPLATION

I - ION EXCHANGE
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2.1.1 CATALYST NOMENCLATURE

The catalysts are named according to the following code:

M¢-Pudi

where - M is the modification step.

S - modification using silicalite shells
V - modification using chemical vapour deposition

- tis a number indicating the time, in hours, during which chemical
vapour deposition took place (Not applicable to the silicalite
shell method).

- P is the primary synthesis batch (A - C)
A - used mainly for catalyst characterization and testing
B - used for modification using silicalite shells
C - used for modification using chemical vapour deposition

- d indicates that during the intermediate treatment, detemplation
did not occur.

- i indicates that during the intermediate treatment, ion exchange
did not occur.

NOTE: S-1 is a silicalite-1 batch

A fold-out in Appendix lll can be used as reference guide to the catalyst
nomenclature.

examples

1. A This is unmodified ZSM-5, batch A.

2. S-Bui This is the primary ZSM-5 of batch B, not detemplated and not ion-
exchanged during the intermediate treatment, which is modified
using the silicalite shell method.

3. V4-C This is the primary batch C, detemplated and ion exchanged (not
indicated), modified using the chemical vapour deposition method
for 4 h.
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2.1.2 PRIMARY SYNTHESIS

The synthesis method for ZSM-5 is based on US Patent 3,702,886 by Argauer
and Landoit (1972). The synthesis method for the primary, or parent
syntheses, yields a ZSM-5 material with an approximate Si/Al ratio = 35 and is
described in this section. Table 2.1 shows the synthesis conditions for the
primary syntheses. The synthesis conditions for silicalite-l are also included in
Table 2.1.

TABLE 2.1: Synthesis conditions and synthesis mixture compositions for primary ZSM-5
syntheses and for silicalite-|

CATALYST A B C S-l
temperature (°C) 167 156 165 161
time {h} 72 72 72 72
H20 {g) 100.1 100.1 100.1 100.0
TPA-Br {g) 25.18 25.18 25.19 25.18
Ludox {g) 31.85 31.82 31.84 31.83
Al{OH)3 {(g) 0.4751 0.4751 0.4756 -
NaOH {g) 1.87 1.87 1.87 1.87

NOTE: Catalyst S-l is silicalite-!

The synthesis of ZSM-5 occurs in the following manner:

- Obtain the foliowing quantities of materials:

(i) TPA-Br 25.18 g
(ii) NaOH 1.87 g
(iiiy  H20 100.0 g
(iv)  Ludox 31.84 ¢
(v) Al(OH); 0.4751 ¢g

- Dissolve the full charge of TPA-Br in approx. 1/3 H,0 in a Teflon
autoclave beaker. (Solution A)

- Dissolve the full NaOH charge and the full AI(OH); charge in a minimum
of H20 (approx. 2 ml) in a 50 ml glass beaker by gently heating the
mixture to its boiling point. (Solution B)

- Add Solution B to Solution A. (Solution C)
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- Add the full Ludox charge to Solution C.  (Solution D)

- Rinse used beakers with remaining H,0 and add this to Solution D. Stir
the mixture.

- Place Solution D in the magnetically stirred autoclave (Figure 2.2). Add
a Teflon coated stirrer bar. Seal the autoclave.

- Heat the autoclave to 160 °C at 1 °C/min and maintain the temperature
for 72 h.

- Cool the autoclave at 1 °C/min to room temperature.

Thermocouple Housing Pressure
Gauge
Pressure Reletmsem1
! Clamp
‘ / ’ Teflon
@7 N ‘ Seal
s N
Autoclave w é g N
Body ~ L L
Q5 stariess \L>/( é \ Teflon
steel) s ? ; 2/ Beaker
] '
N ~ )’ N
N2 ZINN
e L Teflon
Q Q | ’4 %r/ Stirrer Bar
L~ sl
e ]
L~
] \
NN N N NN SO SN
/IL Iﬁ — 8 - 1 Heating
Bl L Mantle
O D D G\k Magnetic
Stirrer

Internal dimenslions of Teflon Beaker
Height - S0 mm
Diameter- 60 mm

FIGURE 2.2: Magnetically stirred autoclave
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2.1.3 INTERMEDIATE TREATMENT

After the synthesis of the catalyst, the catalyst is treated in several ways. Not
all treatments are carried out in all cases, as indicated by Figure 2.1.

2.1.3.1 Washing and drying

After the synthesis of the catalyst, the catalyst is washed and dried in the
following manner. This step a/ways occurs.

- Transfer the synthesized catalyst from the Teflon autoclave beaker into
a 200 ml glass beaker. Allow the catalyst to settle out. (Step 1)

- Discard the supernatant liquor. Fill the beaker with distilled or deionized
water. Mix the catalyst with the water. Allow the catalyst to
settle out. (Step 2)

- Repeat Step 2 three times.

- Discard the supernatant liquor. Place the catalyst in an oven to dry at
80 - 90 °C for 16 h.

2.1.3.2 Detemplation

The catalyst is detemplated in the following manner. This step does not always
occur when the catalyst is to be modified.

- Place the catalyst in a tubular stainless steel reactor, 300 mm long, 16
mm |.D.

- Pass N over the catalyst at 500 °C at a flowrate of 60 ml/min for 6-8h.

- Pass air over the catalyst at 500 °C at a flowrate of 60 ml/min for 16 h.
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2.1.3.3 lon exchange

The catalyst is ion exchanged in the following manner. This step does not
always occur when the catalyst is to be modified, but must be preceded by
detemplation.

- Prepare a 1 liter 2M NH4NO3 solution using distilled or deionized water.

- Place this solution, together with a Teflon coated stirrer bar, in a glass
culture vessel (flat bottomed vessel similar to autoclave body of
Figure 2.2 with glass top and reflux condenser) on a hotplate.

- Add the detemplated catalyst to the solution.

- Attach a reflux condenser to the glass culture vessel.

- Agitate the solution and heat until boiling gently for 24 h under reflux
conditions.

- Wash and dry the solution as described in Section 2.1.3.1.

2.1.4 MODIFICATIONS

2.1.4.1 Silicalite shelis

To obtain a silicalite shell around the ZSM-5 crystals, the catalysts are
reimmersed into a secondary synthesis mixture. This mixture contains no
Al{OH)3;, but is otherwise of the same composition as described in Section
2.1.2. Hence the procedure is similar to that described in Section 2.1.2, with
the addition that the parent ZSM-5 crystals are added last (ie. to solution D in
Section 2.1.2). The relative amounts of ZSM-5 seeds and secondary synthesis
mixture can be varied. Here, the relative amounts of ZSM-5 seeds and
secondary synthesis mixture is such that approximately 1.5 g silicalite-l is
expected to form per gram of ZSM-5 added as seed crystal. In some cases
samples are not detemplated or ion exchanged prior to reimmersion into the
secondary synthesis mixture, but all undergo final treatment (Section 2.1.5).
The modification synthesis time is 3 days at 160 °C.
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TABLE 2.2: Synthesis conditions and synthesis mixture compositions for modification using
the silicalite shell method

CATALYST S-Bdi S-Bi S-B
primary synthesis B B B
intermediate treatment

detemplation no yes yes

ion exchange no no ves
temperature (°C) 164 156 159
time {hrs) 72 72 72
H20 {9) 50.04 31.31 31.25
TPA-Br {g) 12.60 7.87 7.87
Ludox (g) 15.96 9.93 9.95
Al{OH)3 (g) - - -
NaOH {g) 0.936 0.590 0.585
ZSM-5 {g) 4.0 2.5 2.5

2.1.4.2 Chemical vapour deposition (CVD)

Modification by means of chemical vapour deposition (CVD) is achieved in the
following manner:

- Place the required amount of catalyst (typically 2.5 g) in a tubular quartz
TPD cell of the vacuum line {(described in Section 2.3.1).

- Pass N or air over the catalyst at 450 °C at a flowrate of 30 ml/min for
16 h.

- Cool the catalyst in situ to the deposition temperature, and evacuate the
sample for 2 h.

- Expose the sample to tetraethoxysilane (TES), kept at O °C using an ice
bath, for the required deposition time.

- Evacuate the sample (typically for 0.5 h) to remove gaseous deposition
products.

- Repeat the deposition and evacuation steps.

- Pass air over the catalyst at 500 °C at a flowrate of 45 mi/min for 16 h.
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Catalysts modified in this manner do not undergo final treatment as described in
Section 2.1.5, as these catalysts have been previously washed, dried,
detemplated and ion-exchanged.

TABLE 2.3: Synthesis conditions for secondary syntheses by means of chemical vapour

deposition

CATALYST Va4-C Vie-C
primary synthesis C c
intermediate treatment

detemplation yes yes

ion exchange yes yes
temperature (°C) 320 400

deposition time (h) 1 4

evacuation time (h) 0.5 0.5

number of cycles 4 4
total dep. time (h) 4 16
Z5M-5 (g) 2.5 2.5

2.1.5 FINAL TREATMENT

Catalysts modified by reimmersion into a secondary synthesis mixture to form
silicalite shells (ie. all catalysts designated S-...) need to be treated before use.
Three processes are required, discussed previously, namely:

(i) washing and drying (Section 2.1.3.1)
(ii) detemplation (Section 2.1.3.2)
(iii)  ion exchange (Section 2.1.3.3)

Catalysts modified by chemical vapour deposition (ie. all catalysts designated
V..-..) do not undergo the above treatments.
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2.2 CATALYST CHARACTERIZATION

2.2.1 CATALYST STRUCTURE AND MORPHOLOGY

2.2.1.1 X-ray diffraction (XRD)

A Philips X-ray Diffractometer is used to obtain X-ray diffraction spectra using
Cu-Ka radiation. The samples were kept at ambient conditions prior to analysis.
Relative crystallinities are obtained by adding the peak heights of the three
largest peaks in the range 22-25° 260 [Hardenberg et al., 1992] and normalizing
these with respect to the most crystalline sample. The following parameters are

used for the Diffractometer:

- voltage

- current

- range

- preset

- time constant
- 20/step

- 20 range

- slits

40 kV

30 mA

104

2000 counts/sec
1 sec

0.1

6-40°

1 o

2.2.1.2 Scanning electron microscopy (SEM)

A Cambridge S200 scanning electron microscope is used to obtain crystallite
sizes. The following parameters are used:

- accelerating voltage
- aperture

- tilt angle

- resolution

- working distance

15 keV
30

39°

10

10-15 mm

The sample is mounted on a stub with a carbon and glue mixture, and coated
with AuPd. Care is taken to select representative micrographs of the sample,
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and although this characterization method may not be truly representative of the
whole sample, it is unlikely that the micrographs will vary substantially within
the same sample.

2.2.2 CATALYST COMPOSITION
2.2.2.1 Atomic absorption spectroscopy (AAS)

Zeolite aluminium, silicon and sodium contents are determined by atomic
absorption spectroscopy. A Varian Spectra AA-30 spectrometer, attached to a
DS 15 data station is used to obtain the measurements. lon exchanged samples
were used for these analyses.

Samples are prepared in the following manner:

- Place a 300 to 400 mg sample in a Parr bomb.

- Add 5 ml 40% HF (cold) to the sample.

- Add 5 ml HCI to the sample.

- Place the Parr bomb in an oven at 100 °C for 35 min.
- Cool the solution to room temperature.

- Add 50 ml saturated boric acid to the solution.

- Make up to 500 m! with H,0 in a volumetric flask.

The aluminium standards are prepared in the following manner:

- For a concentration range of 0, 10, 25, 50 and 75 ug/ml, place O, 1.0,
2.5, 5.0 and 7.5 m! of 1000 PPM Al standard solution in 100 mi
volumetric flasks for each standard concentration.

- Add 1 m! HF to each flask.

- Add 1 mi HCI to each flask.

- Add 10 ml boric acid to each flask.

- Make up to 100 ml with H»0.

Standards for silicon and sodium are prepared in a similar fashion.
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The following standards are used:

- Al 0 10 25 50 75 ug/mi
- Si 0 50 100 200 300 wug/ml
- Na 0 05 1.0 1.5 pg/ml

A sample calculation of the AAS resulits can be found in Appendix IV.

2.2.2.2 Temperature programmed desorption of ammonia (NHs-TPD)

To obtain quantitative data of the number of acid sites, as measured by mmol of
NH3 per gram of catalyst, NH3-TPD studies are carried out using the apparatus
and procedures described below. This standard TPD system does not permit
the use of adsorbates other than NH;. Section 2.3 describes the apparatus and
procedures used for TPD studies in which NH3, pyridine and 4-methy! quinoline
are used as adsorbates. The apparatus described in Section 2.3 is not suitable
for quantitative measurements.

NH3-TPD spectra are recorded in the range 100 - 600 °C. The sample is placed
in a tubular quartz reactor (300 mm long, 14 mm [.D.), which can be heated by
a suitable furnace. Air and He are available as carrier gases. A NHai/He mixture
is used to adsorb NH3 onto the sample. The signal is detected by a suitably
calibrated TCD. The furnace is driven by computer which is also used to store
data. Back titration is used to confirm the results obtained using the TCD.

The following procedure is used:

- Place 0.25 g of catalyst in a quartz TPD cell.

- Calcine the sample in air at 500 °C at a flowrate of 60 mi/min for 4 h.

- Cool the sample to 100 °C for NH3; adsorption.

- Pass NHai/He (5 mol% NH;) over the sample for 1 h at 60 mi/min at
100°C.
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- Flush the sample for 24 h with He at a flowrate of 60 mi/min at the
adsorption temperature to remove the bulk of the physisorbed NH3.

- Ramp the furnace linearly at 10 °C/min from the adsorption temperature
to 600 °C in He at a flowrate of 60 ml/min.

2.2.2.3 Thermogravimetric analysis

The moisture content of the catalyst and n-hexane adsorption capacities are
determined by thermogravimetric analysis on a Stanton Redcroft STA-780
Series Thermal Analyser. The moisture content can also be used to obtain the
dry mass of the sample.

Moisture content

The samples are kept at ambient conditions prior to the analysis. The moisture
content is obtained by heating 25 mg of sample at 10 °C/min from 20 °C to
500 °C in a 30 ml/min air stream.

n-Hexane adsorption capacity
The n-hexane adsorption capacity of the sample is obtained as follows:

- Place 25 mg of catalyst in the microbalance. »

- Heat the sample at 10 °C/min from 20 °C to 500 °C in a 30 mi/min air
stream.

- Hold the sample at this temperature for 1 h, then switch the carrier gas
flow from air to N,, and again hold for 1 h. Cool the sample to
50 °C.

- Direct the carrier gas through a double stage saturator, kept at O °C,
and adsorb n-hexane until no further weight change is observed.
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2.3 TEMPERATURE PROGRAMMED DESORPTION STUDIES

The apparatus used for these TPD studies was built for this project. It allows
the use of different adsorbates, such as NH3z, pyridine (Py) and 4-methyl
quinoline (MQ-4), to probe different areas on the zeolite surface, but no
quantitative measurements can be made (refer to Section 3.2.3 for discussion).
Quantitative NH3-TPD measurements are made using the apparatus and
procedures described in Section 2.2.2.2.

2.3.1 EQUIPMENT

The equipment used for temperature programmed desorption studies consists of
a heated TPD sample cell, which can be evacuated by means of a vacuum line.
An on-line mass spectrometer is used as detector. Appendix Il lists all items of
equipment used to build the apparatus. Figure 2.3 shows a schematic of the
apparatus used for TPD studies.

The vacuum line

The vacuum line consists of a borosilicate glass vacuum line (25 mm diameter).
The vacuum is supplied by a rotary pump and an oil-diffusion pump. The
vacuum is monitored using a Pirani and a Penning vacuum gauge. Four pairs of
glass reservoirs are attached to the vacuum line. Each pair is used to purify and
store a liquid adsorbate (such as pyridine or 4-methyl quinoline) or
tetraethoxysilane used for chemical vapour deposition. A liquid nitrogen trap is
used to trap condensable contaminants and adsorbates before entering the
diffusion pump. A quartz TPD cell, or reactor, can be inserted into the vacuum
line and can be attached using Cajon fittings. Stopcocks isolate various
sections of the vacuum line. Data of leak testing can be found in Appendix V.

The furnace

The configuration of the furnace can be found in Appendix VI. The temperature
of the furnace is controlled using a temperature programmer. The thermocouple
used to control and monitor the temperature is placed in the thermowell of the
TPD cell, thus ensuring that the temperature of the sample is accurately
ramped. Appendix VI shows a profile of the temperature ramp. As can be seen
from this profile, the sample can be ramped linearly from ambient temperatures
to above 1000 °C using a range of temperature ramps. All the thermocouples
and temperature controllers were calibrated prior to use.
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The TPD celi
The TPD cell is a 350 mm long, 10 mm §.D. quartz tube, with a 2 mm I.D.
thermowell, as shown in Figure 2.4.

120 mm THERMOWELL

/ 3.0 mm OD
2.0 mm ID

_ L g FRIT
T Porosity 3
1 mm
350 mm
230 mm
TPD CELL
/ 12.7 mm 0D
100 mm ID

FIGURE 2.4: The TPD cell

The carrier gas transfer lines

Several carrier gases are available for use. Air and N, are used for calcination
purposes, He is used during the desorption stage and a NHi/He mixture (5
mol% NHjs) is used to adsorb NH; onto the catalyst. The gases pass through a
3A molecular sieve and a filter prior to a regulator. The gas flow is monitored
and controlled using a mass flow controller common to all carrier gases. The
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mass flow controller was calibrated for He prior to use. The carrier gases pass
through a 1/8 inch stainless steel feed line attached to the vacuum line. An 1/8
inch stainless steel tube connects the vacuum line to the GC/MS. This line is
heated to prevent condensation in or adsorption onto the walls of the tube by
the adsorbates. An in-line filter prevents contamination of the GC/MS.

The detector

The total flow entering the GC is split. Only a small fraction, typically 1/100 -
1/250, enters a 15 m long, 0.22 mm |.D. deactivated capillary column. By
adjusting the column head pressure the flow to the MS through the capillary
column can be regulated. The mass spectrometer is used to monitor the
abundance of the ions of the species desorbed from the sample versus
temperature.

2.3.2 REAGENT PREPARATION

As mentioned before, the carrier gases are dried using 3A molecular sieves, and
pass through a 2 micron filter before use.

The liquid adsorbates, pyridine and 4-methyl quinoline, are vacuum distilled prior
to use, according to the following procedure:

- The adsorbate is placed in one of the detachable reservoirs.

- The adsorbate is heated and evacuated until approximately 1/3 of the
material has been distilled and collected in the liquid N trap.

- The adsorbate is heated further, but the liquid N, trap is isolated, and a
liquid N2, dewar is placed around the twin (non-detachable)
reservoir, such that approximately a further 1/3 of the adsorbate is
collected in this reservoir. This reservoir contains 3A molecular
sieves to adsorb water. This fraction is used as the pure adsorbate
for the TPD studies.

- The remaining 1/3 can be discarded.
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2.3.3 SAMPLE PREPARATION

When the adsorbate to be used is NH3 or pyridine, the catalyst is coated onto
quartz particles (70 - 212 micron) before it is placed in the TPD cell. This
procedure not only mixes the quartz particles with the catalyst, but also causes
the catalyst to stick onto the rough quartz particles. This is done for the
following reasons (brackets indicate why this does not apply to MQ-TPD
studies for practical reasons):

- Because small catalyst samples are used, it ensures that the
thermocouple is in the catalyst bed (the large amount of catalyst
used for MQ-TPD studies ensures that the thermocouple is in the
bed).

- The quartz particles act as a heat sink during adsorption and desorption
(only a small amount of MQ-4 adsorbs onto the catalyst).

- It prevents the catalyst bed from fluidizing when high carrier gas
flowrates are used (low flowrates are used for MQ-TPD studies).

The coating of the beads is achieved in the following way:

- Mix the required amounts of 70 - 212 micron quartz particles with the
catalyst in a porcelain dish (typical particles : catalyst ratio is
20:1 g).

- Add 2 - 5 ml H,O to the mixture.

- Heat the mixture on a hotplate until all the H,O evaporates while
constantly stirring the mixture.

- Add more H,O if required to ensure that all the catalyst is coated onto
the quartz particles.

This procedure did not affect the TPD spectra in any way.

2.3.4 EXPERIMENTAL CONDITIONS AND PROCEDURES

The experimental conditions and procedures of a typical TPD experiment are
described in the section below for each of the adsorbates. Unless otherwise
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stated in the text, these parameters apply. The parameters differ for each
adsorbate. For example, the catalyst mass and carrier gas flowrate for MQ-TPD
experiments differ from NH3- and Py-TPD experiments in order to obtain
detectable signals in the MS. Adsorption temperatures and evacuation times
also vary according to the requirements of each system. Conditions for MQ-4
are given in brackets where different to NH3; or Py.

Initial procedures

- Pump down the vacuum line, excluding the sample cell.

- Place 0.05 g catalyst, coated onto 1 g quartz particles, (1.0 g catalyst
without quartz particles for MQ-4), prepared as described in
Section 2.3.3, in the TPD cell. Place the cell in the furnace.

- Heat the line connecting the vacuum line to the GC/MS to 150 °C (280
°C for MQ-4).

Calcination
- Calcine the sample in air at 500 °C at a flowrate of 60 mi/min for 4 h
(8 h for MQ-4).
- Cool the sample to - 100 °C for NH3 adsorption
- 200 °C for Py adsorption
- 100 °C for MQ-4 adsorption
- Evacuate the sample for 2 h (to less than 104 mbar).

Adsorption

- In the case of NHj3; adsorption, pass NH3/He over the sample for 1 h, at
a flowrate of 60 mi/min.

- In the case of Py and MQ-4, place an ice bath, kept at O °C, around the
adsorbate storage reservoir to ensure a constant partial pressure in
all runs. Isolate the liquid N2 trap. Expose the sample to the
required adsorbate for 1 h (3 h for MQ-4).

Evacuation/Flushing
- In the case of NH3, flush the sample for 24 h in He at a flowrate of 60
ml/min at the adsorption temperature.
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- In the case of Py and MQ-4, evacuate the sample for 23 h (1/4 h for
MQ-4) at the adsorption temperature. Flush the sample in He at a
flowrate of 60 mi/min for up to 1 h.

Temperature Programmed Desorption

- Set the GC/MS settings as described in Section 2.3.5.

- In the case of Py, cool the sampie to 150 °C to ensure that the
temperature ramp is linear before desorption starts. In the case of
NH3; and MQ-4 the adsorption temperature is sufficiently low.

- Ramp the furnace at 10 °C/min up to a maximum of 1050 °C in He at a
flowrate of 150 mi/min (60 mi/min for MQ-4).

2.3.5 SIGNAL DETECTION

The data is recorded using a Hewlett Packard 5971A Mass Selective Detector
attached to a Hewlett Packard Vectra QS/16S personal computer. The data is
recorded in the Selected lon Mode (SIM). The relative abundance of a selection
of the following ions is recorded versus time, as required. The ions printed in
bold typeface are the two most abundant ions of each species in the desorption
spectrum of these studies.

ammonia 17, 16, 15

pyridine 79, 52, 51, 50, 39, 27

4-methyl quinoline 143, 128, 79, 78, 52, 51, 50, 15
water 18, 17, 16

Signal recording is initiated after the temperature ramp has commenced in order
to correct for the lag time between the sample and the detector (1 min for NH3
and Py, 1.6 min for MQ-4). The lag time is due mainly to the 15 m long GC
column. The signal can be adjusted to account for the split ratio (typically
100/1 - 250/1) prior to the GC column or changes in catalyst mass and carrier
gas flowrate. The time scale is converted to a temperature scale.
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The gas chromatograph and mass spectrometer settings typically used in these
studies are given in Table 2.4:

TABLE 2.4: Gas chromatograph and mass spectrometer settings

GC/MS SETTINGS NH3 Py MQ-4
oven temp. (°C) 150 150 280
detector temp. (°C) 280 280 280
column head pressure {psi) 5 5 7
split vent flow {ml/min) 147 147 57
purge vent flow {ml/min}) 2 2 2
column flow {ml/min}) 0.6 0.6 0.6
dwell time {sec) 0.985 0.985 5.000
cycle time (sec’) 0.167 0.167 0.1
total ion maximum 5x107 5x107 5x107
ion maximum 5x10€ 5x10€ 5x10€
EMVolts 1682 1682 1682
solvent delay {min) 0 0 0
max. run time {min) 95 90 95

2.3.5.1 The mass spectrometer as detector

In order to understand the abilities and limitations of the mass spectrometer as a
detector for the desorption of an adsorbate from a zeolite, a few remarks are
included in this section to elucidate on these matters.

A molecule entering the mass spectrometer is ionized. The ratio of the ions
formed is specific to that molecule, which can thus be identified. Data can be
collected in the foliowing two manners: (i) as a Total lon Chromatogram (TIC),
which monitors all ions in a specified range, or (ii) in the Selected lon Mode
(SIM), which monitors a few selected ions. In this study the TIC was used only
to obtain the complete desorption spectrum from the sample. SIM was typically
used in all other experiments, as this mode allows more precise monitoring of
ions specific to a particular compound. Furthermore, by choosing ions specific
to a particular compound, several species can be monitored, even though they
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may desorb simultaneously. This is not always possible using a TCD or FID as
detector.

Care must be taken if one ion is a characteristic ion of two different
compounds. For example, the three most abundant ions from H,O are m/e=18,
17 and 16; from NH3; they are m/e=17, 16 and 15. Hence, if the desorption of
NH3 is monitored from zeolites, it is not advisable to monitor m/e=17 only, as
desorption of H,O from the zeolite is likely to occur, thereby increasing the
signal of m/e=17. Thus a judicious choice of the ions to be monitored is
required. Even so, it is possible that the ions formed by the ionization of one
molecule may themselves ionize other molecules when these molecules reach
the detector simultaneously [Middleditch, 1979].

By monitoring the relative intensities of several ions characteristic of one
molecule (using SIM), it is possible to determine whether a compound has
reacted on the zeolite surface prior to reaching the detector. If the relative
intensities change, or if they are not the same as for the pure compound, during
the course of the desorption process, then a reaction has taken place on the
surface of the zeolite. Care must be taken to check which ions are formed due
to the ionization in the MS and which ions arise from reaction products.

The mass spectrometer does not have the same sensitivity to all ions.
Therefore, even though the concentration of two compounds are the same, the
intensity of the signal, or abundance, may in fact vary by several orders of
magnitude for different ions. In this study the sensitivity to H,O and NH3 ions
was found to be far smaller than to Py ions, probably because H,O and NH;
ionize to a much lesser extent than Py. However, the magnitude of the signal
can be increased by increasing the concentration of the desorbed species in the
carrier gas stream (by increasing the catalyst mass and/or by decreasing the
carrier gas flowrate) or by increasing the dwell time (the time period during
which the MS "counts” each ion).

Due to the different amounts of adsorbate desorbed for the various probes
under investigation, it has been necessary to vary certain experimental
parameters in order to acquire the required magnitude of the signal for each of
the desorbing species. Therefore it is not always possible to relate the spectra
of the different adsorbates directly.
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3.1 PHYSICAL AND CHEMICAL CATALYST CHARACTERIZATION

3.1.1 CATALYST STRUCTURE AND MORPHOLOGY

3.1.1.1 Relative crystallinity

XRD patterns of each catalyst are given in Figures 3.1, 3.2 and 3.3. The main
difference between ZSM-5 (sample A) and silicalite-l (sample S-l) is the intensity
of the reflections at 28 values of 7.9° and 8.8° (Figure 3.1). These two
reflections are more intense for sample S-I. From Figure 3.2 it can be seen that
samples S-B, S-Bi and S-Bdi show similar increases in intensity for the reflections
at 260 values of 7.9° and 8.8° compared to sample B. On the other hand, a
slight decrease in these reflections is observed for samples modified by chemical
vapour deposition (Figure 3.3). A simulated XRD pattern of calcined ZSM-5 is
shown for comparison in Figure 3.4. The relative crystallinities are listed in
Table 3.1. Of the primary synthesis batches, sample A has the lowest relative
crystallinity, as calculated by summation of the intensities of the three major
peaks between 22-25° 26. The relative crystallinities of samples S-Bi and S-B
are lower than that of sample B, whereas the relative crystallinity of sample
S-Bdi is similar to that of sample B. The relative crystallinities of the samples
modified by chemical vapour deposition are similar to sample C, although the
relative crystallinity of sample V4-C is slightly higher. The estimated error for
these data is b %.

3.1.1.2 Crystallite size and morphology

Crystallite sizes were determined from electron micrographs (Figures 3.5, 3.6
and 3.7). The number average crystallite sizes range from 1 ym to 3 um,
except in the case of silicalite-l, which has a crystaliite size of 5 ym. The
crystallite sizes of the modified samples, even of those modified by coating the
parent crystals with silicalite shells, are not noticeably larger than their parent
crystals. A catalyst with a shell-to-core weight ratio of 1.5:1 is only expected
to be 1.36 times larger than the seed crystal. Also, separate silicalite-l crystals
may have formed. No significant deposits of amorphous material were seen in
the micrographs at these magnifications. All samples have formed agglomerates
with spherical morphologies, with the exception of silicalite-l, which has a
twinned crystallite morphology.
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3.1.2 CATALYST COMPOSITION

3.1.2.1 Silicon and aluminium content

The Si/Al ratio of the various batches, as determined by atomic absorption
spectroscopy (AAS), is shown in Table 3.1. The number of mmol Al per gram
of dry sample as determined by AAS has also been included in Table 3.1. The
Si/Al ratio for the unmodified catalyst lies in the range 35 - 47, sample C having
the highest ratio. No aluminium was detected in the silicalite-l sample. Coating
the sample with silicalite shells produced a large increase in the Si/Al ratio in
each sample, with sample S-B showing the highest increase. The Si/Al ratio for
CVD modified samples decreased slightly compared to sample C, although these
changes are within the experimental error. No sodium was detected in any of
the samples after NH; ion exchange. The aluminium reading contributes the
most to the overall error (due to the low levels) and the corresponding error
increases with increasing Si/Al ratio. Therefore the Si/Al ratios of the samples
modified by coating with silicalite shells have a greater error associated with
them than the other samples. However, the aluminium content determined by
AAS corresponds well with the aluminium in the synthesis mixture, as the
expected value should be approximately 1/(1+1.5) times that of the parent
sample if 1 g of ZSM-b is reimmersed in a synthesis mixture expected to yield
1.5 g of silicalite-I.

3.1.2.2 Catalyst acidity

The number of acid sites, as measured by mmol of NHz per gram of catalyst,
was obtained by quantitative NH3-TPD using the apparatus and procedures
described in Section 2.2.2.2. Only the high temperature peak was integrated,
wus giving a measure of the chemisorbed material. The results are listed in
Table 3.1. The number of acid sites of the unmodified samples range from 0.35
- 0.49 mmol NH; per gram of catalyst. Silicalite-l shows virtually no acidity.
Samples modified by coating with silicalite shells show a reduction in the
specific number of acid sites (ie. the number of acid sites per gram of resulting
material). However, the values for the coated samples are higher than expected
from the aluminium content in the synthesis mixture, and they are higher than
the values obtained from AAS. Samples modified by chemical vapour
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deposition do not show a significant change in the number of acid sites as
measured by NHa-TPD. The error associated with NH3;-TPD is estimated to be at
least 15 %.

3.1.2.3 Thermogravimetric analysis

The moisture content and n-hexane adsorption capacity of selected samples
were measured by thermogravimetric analysis. The results are listed in Table
3.1. The moisture content of the unmodified samples lies in the range 5.8 - 6.8
wt%. Silicalite-l shows a 0.1 wt% moisture content. Samples modified by
coating with silicalite shells show a moisture content which is intermediate
between unmodified HZSM-5 and silicalite-l. Samples modified by chemical
vapour deposition do not show a significant change in moisture content from
their parent sample. n-Hexane adsorption capacities of selected samples do not
show significant changes for the modified samples, either by coating with
silicalite shells or by chemical vapour deposition. The estimated error for these
datais 7 %.

TABLE 3.1: Catalyst characterization

Si/Al Al NH3-TPD H20 n-Hexane Relative

ratio content HTD peak content adsorption Crystal.
CATAL. {mmol/g) {mmol/g) (wt%) (wt%) (%)
A 35.6 0.462 0.428 6.8 - 86.5
S-l « 0.0 0.026 0.1 - 99.2
B 38.8 0.463 0.491 6.6 8.7 95.2
S-Bdi 81.0 0.19 0.275 3.2 - 94.4
S-Bi 81.0 0.191 0.298 3.3 - 85.4
S-B 108.1 0.144 0.287 3.6 9.0 88.9
C 46.4 0.393 0.348 5.8 8.9 95.3
V4-C 42.5 0.396 0.380 6.3 - 100.0
Vi-C 44.7 0.364 0.371 5.6 8.9 93.5
ERROR 10-15 % 10-15 % 15 % 7 % 7 % 5 %

NOTE: A statistical error analysis was not possible. The error listed in the table above is a non-
statistical estimation made by the author, based on accuracy of the equipment and
reproducibility of the measurements.
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3.2 TEMPERATURE PROGRAMMED DESORPTION FROM HZSM-5

The TPD spectra in this section were obtained using the apparatus and
procedures described in Section 2.3. Values of T3« are rounded to the nearest
5 °C. Typically the ions shown in the spectra are m/e=17 (NH3), m/e=79 (Py)
and m/e=78 (MQ-4).

3.2.1 PRELIMINARY RESULTS
Dispersion of the signal prior to detection

To check the effect of the signal dispersion in the transfer line from the reactor
to the GC/MS, a pulse of air was injected though a septum installed for this
purpose (i) after valve V14 (Figure 2.3), or (ii) prior to valve V13 (Figure 2.3).
These two points are the closest points to the sample where such a septum
could be installed. This could then be compared to a pulse of air injected
through the injector port of the GC.

When a pulse of air is injected after valve V14 the intensity (1.5 x 10¢ units)
and width (3 sec) of the peak are the same as for an injection through the
injector port. However, when a pulse of air is injected prior to valve V13, the
intensity of the peak drops (2.0 x 105 units) and the width increases (10 sec).
This is as a result of the signal being dispersed due to the two valves (V13 and
V14) and the TPD cell. When a TPD spectrum is obtained, the signal will only
pass through valve V14 and approximately 1/3 of the TPD cell. The dispersion
will hence be less. Furthermore, it should be kept in mind that a peak in a TPD
spectrum is typically 30 - 40 minutes long (sampling each ion every 6 - 10 sec
with a MS dwell time of 1 - 5 sec). Therefore such a small amount of
dispersion will have a negligible effect on the shape of the actual TPD curve.

Adsorption of the adsorbates onto the transfer line.
To estimate whether adsorbate is adsorbed onto the walls of the stainless steel

transfer lines, small doses of pyridine vapour were injected through a septum as
described in the paragraph above. It was noted that even though the transfer
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line from the reactor to the GC/MS was heated to 150 °C, a small amount of
the adsorbate would adsorb onto the stainless steel walls. The estimated
amount of pyridine adsorbed onto the stainless steel pipe is less than 10°
mmol. This is 2-3 orders of magnitude smaller than the estimated amount of
pyridine desorbed from the catalyst sample using typical operating conditions.
In the case of MQ-TPD experiments, even though the external surface of the
catalyst is much smaller than the total surface, the catalyst mass used is 20
times greater. Hence the amount of adsorbate, used in MQ-TPD studies of the
external surface, which is adsorbed onto the transfer line during desorption is
small (typically less than 5 %) compared to the total amount which is desorbed
from the sample.

Mass spectrometer settings

To prevent condensation of H2O and adsorbates in the transfer lines and GC
column, the transfer lines and GC oven were kept above the boiling points of
each component (Boiling Point of NH3 = -33 °C, BP of Py = 115 °C, BP of
MQ-4 = 262 °C).

The total flow entering the GC is split. A large fraction is vented and only a
small fraction enters the MS. The length of the column and the column head
pressure of the GC governs the flowrate to the MS. By installing a 15 m long
column the required range of flowrates (0.5 - 1 mi/min) to the MS could be
obtained for each adsorbate.

The catalyst mass and carrier gas flowrate affect the concentration of the
adsorbate in the carrier gas stream. The carrier gas flowrate and column head
pressure affect the split ratio of the GC/MS, and hence the flowrate entering the
MS. The MS dwell time governs the time during which the MS "counts” the
ions entering the MS, and hence this affects the intensity of the signal. These
settings were optimized for each adsorbate investigated, such that the best
possible spectrum was obtained. It must be understood that the settings for
Py-TPD and MQ-TPD experiments are different, and direct comparisons between
Py-TPD and MQ-TPD experiments cannot be made.
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Baseline spectra

To investigate whether either Py or MQ-4 is adsorbed onto the quartz reactor or
quartz particles, baseline spectra were obtained and compared to Py-TPD and
MQ-TPD spectra obtained under identical conditions as the baseline spectra.
These comparisons can be found in Appendix VII. The baseline spectra show
that there is no significant adsorption on the quartz reactor or quartz particles
when no catalyst is present.

3.2.2 A COMPARISON OF THE DESORPTION SPECTRUM OF THE
ADSORBATES INVESTIGATED

Three adsorbates have been compared in these studies, namely NHj, pyridine
(Py) and 4-methyl quinoline (MQ-4). Figure 3.8 shows the TPD spectra for each
of these adsorbates from HZSM-5 (catalyst A). The two most abundant ions
are shown in each case.

Only one peak is seen for both the NH3-TPD and Py-TPD spectra under these
conditions. In both these cases the peak is skewed towards higher desorption
temperatures, showing a leading edge on the TPD spectrum. An additional
small peak can be seen at 585 °C in the NH3-TPD spectrum. This is not due to
the desorption of NH3, but due to the loss of H,O from the catalyst (ions 16 and
17 are common to both NHz and H,0). The H,O loss may be ascribed to
dehydroxylation. The TPD spectrum of the loss of H,0, after calcination, from
HZSM-5 can be found in Appendix VIl (catalyst A, 0.010 g catalyst, 150 ml/min
carrier gas flowrate). In the case where MQ-4 has been used as adsorbate two
peaks can be seen. This is most clearly visible for me=128. More
importantly, no leading edge is evident.

The intensity of the signal is much greater for Py than for NH; under the same
conditions (0.050 g catalyst, 150 mi/min carrier gas flowrate). This can be
attributed to a greater sensitivity of the MS to Py ions. The intensity of the
signal for MQ-4 is lower than that of Py, even though a greater mass of catalyst
(1 g vs 0.050 g) and a iower flowrate (60 mli/min vs 150 mi/min) are usually
used for MQ-TPD than for Py-TPD. In the case of both NH; and Py both
characteristic ions are present in the same proportions throughout the
experiment. However, in the case of MQ-4 the two most abundant ions are not
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present in the same proportions (Figure 3.8c). This will be discussed in more
detail in Section 3.2.7.

Under the conditions used here, Tp5x is found to increase in the following order:
NH; < Py < MQ-4 (375, 620 and 725 °C respectively). TPD spectra of the
above adsorbates from silica-alumina showed the same order for Ty
Appendix VIl shows a Py-TPD spectrum from silica-alumina. It is interesting to
note that this peak is skewed towards lower desorption temperatures, thus
showing a tailing edge.

3.2.3 REPRODUCIBILITY STUDIES

The reproducibility for pyridine desorption was tested for catalyst A (0.050 g
catalyst, 150 ml/min carrier gas flowrate, 23 h evacuation at 200 °C), as can
be seen from Figure 3.9. Figure 3.10 shows the reproducibility for 4-methyl
quinoline desorption from catalyst A (1 g catalyst, 60 mil/min carrier gas
flowrate, 1/4 h evacuation at 100 °C).

The peak shape (ie. the skewness) is reproducible in both cases, but less so for
MQ-4. Furthermore, the peak maximum temperature is reproducible to within 5
°C. The intensity of the signal and hence the peak area is, to a large extent,
dependent on the sensitivity of the mass spectrometer, and varies with time (ie.
consecutive experiments are reproducible, but experiments performed far apart
may not be). This is evident from the peak areas given in Figures 3.9 and 3.10.
The reproducibility may also be affected by variations in catalyst mass, flowrate
and split ratio. Therefore qualitative data can be obtained, but due to the
difficulty of obtaining reproducible, integratable TPD peaks with similar areas,
quantitative results (in terms of mmol adsorbate desorbed per gram of catalyst)
have not been obtained. An attempt has been made to calibrate the MS for Py,
by the injection of a range of standard concentrations. Due to the differences
between "injections" and "spectra"”, as well as the non-linearity of the range in
which the data was obtained, it was not possible to calibrate the MS
satisfactorily and, consequently, quantitative data are not reported for Py and
MQ-4 in this study.
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FIGURE 3.10: Reproducibility of MQ-TPD spectra from HZSM-5 (catalyst A)
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FIGURE 3.11: Py-TPD spectra from HZSM-5 and silicalite-l
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FIGURE 3.12: MQ-TPD spectra from HZSM-5 and silicalite-I
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3.2.4 A COMPARISON OF HZSM-5 AND SILICALITE-I

HZSM-5 (catalyst A) and silicalite-1 (S-1) were used to compare an acidic catalyst
(HZSM-5) with an isostructural inert catalyst (silicalite-l). This would indicate
whether any adsorption takes place on silicalite-l, either on the internal or the
external surface. Moreover, this would also indicate the contribution of
silicalite-1, if any, to the total amount of desorbed adsorbate of catalysts
modified by the silicalite shell method.

Figure 3.11 shows a comparison of Py-TPD spectra (0.050 g catalyst, 150
ml/min carrier gas flowrate, 23 h evacuation) from HZSM-5 (catalyst A) and
silicalite-l (S-l). It can be seen clearly that there is only a small peak on
silicalite-1, which is significantly smaller than the peak obtained from HZSM-5.
Furthermore, the Py spectrum from silicalite-l shows that the peak appears
skewed towards lower desorption temperatures. Similarly, Figure 3.12 shows a
comparison of MQ-TPD spectra (1 g catalyst, 60 ml/min carrier gas flowrate,
1/4 h evacuation) from HZSM-5 (catalyst A) and silicalite-l (S-1). Again, in the
case of silicalite-l, there is only a slight elevation of the baseline when this is
compared to the desorption spectrum obtained from HZSM-5.

3.2.5 THE EFFECTS OF CATALYST MASS AND FLOWRATE

TPD experiments have been conducted using different sample masses, using
NH3, pyridine and 4-methyl quinoline as adsorbates. The flowrate has been
changed for NH;. Table 3.2 and Figures 3.13, 3.14 and 3.15 show these
effects. The samples in Figures 3.13, 3.14 and 3.15 are compared on the same
mass basis (ie. although in the actual experiments different catalyst masses and
flowrates were used, the spectra have been standardized to the same catalyst
mass and flowrate by multiplying the intensity of the signal by a suitable factor).

Under the conditions used it can be seen that, only for NH3 and Py, a change in
peak maximum temperature is obtained by changing the catalyst mass. For
MQ-4 the peak maximum temperature is independent of catalyst mass. It
should also be noted that when the mass used is large and, as in the case of
NH3, the sample is not evacuated but only flushed with He (an ineffective
method of removing excess adsorbate), a LTD peak can be observed as well as
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a HTD peak (Figure 3.13). The peak maximum temperature of the LTD peak
changes slightly. Using a lower TPD carrier gas flowrate resuited in an increase
in the peak maximum temperature.

TABLE 3.2: The effects of catalyst mass and flowrate on the peak temperature of TPD

spectra

EXP. CATAL. ADSORB. FLOWRATE MASS ADS. TEMP. EVAC. TIME FLUSH. TIME N° PEAKS Tmax

{mi/min) (@ (°C) (h:min) {h:min) (°C)
A1l A NH3 60 0.250 100 - 24:00 2 445
A2 A NH3 150 0.250 100 - 24:00 2 420
A3 A NH3 150 0.100 100 - 24:00 sh 390
A4 A NH3 150 0.050 100 - 24:00 1 375
P1 A Py 150 0.050 150 23:00 1:00 1 620
P2 A Py 150 0.010 150 23:00 1:00 1 570
M1 A MQ-4 60 1.00 100 0:15 0:15 1 725
M2 A MQ-4 60 0.50 100 0:15 0:45 1 725

NOTE: sh - shoulder on the leading edge of the peak

DESORPTION RATE
{mmol/g/°C}

TEMPERATURE (°C}

FIGURE 3.13: The effects of catalyst mass and flowrate on the NHa-TPD spectrum of HZSM-5
(catalyst A)
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FIGURE 3.14: The effect of catalyst mass on the Py-TPD spectrum of HZSM-5 (catalyst A)
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FIGURE 3.15: The effect of catalyst mass on the MQ-TPD spectrum of HZSM-5 (catalyst A)
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3.2.6 THE EFFECTS OF EVACUATION TIME AND ADSORPTION TEMPERATURE

The evacuation times and adsorption temperatures were varied to determine the
conditions which would result in a spectrum of chemisorbed material only. At
low pyridine adsorption temperatures (100 °C) and short evacuation times (1 h
or less), two TPD peaks are observed. Figure 3.16 shows that the LTD peak is
sharp when compared to the HTD peak. The start of the LTD peak coincides
with the adsorbate adsorption/evacuation temperature. By raising the
adsorption/evacuation temperature to 150 °C and increasing the desorption
time to 23 h the LTD peak completely disappears. Increasing the
adsorption/evacuation temperature to 200 °C results in no significant change in
the spectrum. At these high adsorption temperatures (200 °C) increasing the
evacuation time results in a small increase in the temperature at which the
desorption process begins, although the total amount of material desorbed
remains virtually unchanged. The maximum peak temperature is raised slightly
by about 5 °C by using longer evacuation times (Table 3.3), but as this remains
within the experimental error this change is not significant.

When MQ-4 is used as adsorbate the peak shape remains unchanged for long
versus short evacuation times. Figure 3.17 shows that even though the sample
is evacuated for only 15 min after adsorption, the peak shape is the same as for
a 16 h long evacuation period.

TABLE 3.3: The effects of evacuation time and adsorption temperature on the peak
temperature of TPD spectra

EXP. CATAL. ADSORB. FLOWRATE MASS ADS. TEMP. EVAC. TIME FLUSH. TIME N° PEAKS Tmax

{ml/min) (g) (°C) {h:min) (h:min) (°C)
P3 A Py 150 0.050 100 0:30 1:00 2 610
P1 A Py 150 0.050 150 23:00 1:00 1 620
P4 A Py 150 0.050 200 1:00 1:00 1 610
PS5 A Py 150 0.050 200 23:00 1:00 1 615
M1 A MQ-4 60 1.00 100 0:15 0:1% 1 725
M3 A MQ-4 60 1.00 100 16:00 1:00 1 725
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FIGURE 3.16: The effects of adsorption temperature and evacuation time on the Py-TPD
spectrum of HZSM-5 (catalyst A)
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FIGURE 3.17: The effect of evacuation time on the MQ-TPD spectrum of HZSM-5 (catalyst A)
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3.2.7 THE STABILITY OF THE ADSORBATE

As mentioned in Section 2.3.5.1, the stability of the adsorbate can be
determined by monitoring the characteristic ions of the desorbing species.
Figure 3.18 shows the five most abundant ions of Py. The relative intensity of
these ions remains the same throughout the experiment. In addition, the
relative intensities of these ions is similar to those observed for Py injected
directly into the detector. Thus it is clear that Py is stable upon desorption from
HZSM-5.

DESORPTION RATE
(mmol/g/°C)

o b3 10000 20000 300 00 400,00 500.00 600.00 700.00 800.00 900.00 1000.00
TEMPERATURE ( °C)

FIGURE 3.18: The stability of Py upon desorption from HZSM-5 (catalyst A)

Figure 3.19 shows the relative intensities of several ions from a typical MQ-TPD
spectrum. The two most abundant ions seen here are m/e=78 and 128, and
not those obtained by injecting MQ-4 directly into the injection port of the
detector (m/e=143 and 115). This indicates that MQ-4 is not stable but
decomposes upon desorption from ZSM-5. It is clear from Figure 3.19 that the
relative intensities of the ions do not remain the same throughout the
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experiment. This implies that the desorption/cracking mechanism of MQ-4
changes as the temperature is increased during TPD. At higher desorption
temperatures, some of the parent material (m/e=143) can be seen to desorb
intact. These phenomena may give rise to the double peak feature, giving the
peak a "distorted" appearance, and a wide desorption range for the removal of
adsorbate. This must therefore not be interpreted as being due to a change in
acidity or to a difference in acid site strength, but rather to the
desorption/cracking mechanism. Also, changes to the peak shapes and
intensities must not be interpreted as changes in acidity. Only when no material
is seen to desorb from the catalyst can it be said that the external acidity has

been eliminated.

These features may be partly responsible for the poor reproducibility of MQ-TPD
spectra, especially the poor reproducibility of the MQ-TPD spectra of different
batches of unmodified HZSM-5. This also has a great bearing on the MQ-TPD
spectra of the modified catalysts (see Section 3.3).

DESORPTION RATE
(mmol /g /°C)

m/e = 128

m/e = 16

0.00 100.00 200.00 300.00 400.00 500.00 600.00 700 00 800.00 900 00 1009.00
TEMPERATURE ( °C)

FIGURE 3.19: The stability of MQ-4 upon desorption from HZSM-5 (catalyst A)
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3.3 MODIFICATIONS

3.3.1 THE EFFECT OF COATING ZSM-5 WITH SILICALITE SHELLS

This section compares the results of the samples which have been modified by
coating the parent crystals with silicalite shells. Figure 3.20 shows the Py-TPD
spectra from HZSM-5 and HZSM-5 modified by coating the parent crystals with
silicalite shells. It can be seen that, for the same total amount of sample used,
there is a drop in intensity of the signal for the modified samples compared to
that of unmodified HZSM-5. The response (area counts per unit mass of
sample) is shown in Table 3.4. These values, even though they should not be
regarded as quantitative data (see Section 3.2.3), show that the peak areas of
the Py-TPD spectra of the modified samples have halved.

Figure 3.20 and Table 3.4 show that T,y is lower for the modified samples
compared to the unmodified HZSM-5. The shapes of the Py-TPD spectra for
samples S-Bi and S-B show an increase in the Py desorption rate at lower
temperatures when compared to that of unmodified HZSM-5 (Figure 3.20).
Increasing the evacuation time from 23 h to 34 h does not remove or alter this
feature, illustrating that the sites responsible for this feature indicate
chemisorbed Py (Figure 3.21). The TPD spectrum of sample S-Bdi has the same
shape as that of unmodified HZSM-5, but still Ty« is lower. All the Py-TPD
spectra are skewed towards higher desorption temperatures.

Figure 3.22 compares the MQ-TPD spectra for catalysts modified by the
silicalite shell method to that of unmodified HZSM-5. The shape of the MQ-TPD
spectra of samples S-Bdi and S-Bi show one peak for m/e=78, although two
peaks can still be distinguished for m/e =128 (not shown here, but similar to
Figure 3.19). This indicates that the cracking pattern has changed on these
samples. Sample S-B has a MQ-TPD spectrum with a very low intensity,
indicating very few accessible acid sites. Again, the response in Table 3.4
gives an indication of the relative area counts of the MQ-TPD spectra. Sample
S-B has a response which is approximately 10 % of the value for sample B.
The response of the MQ-TPD spectrum of sample B is approximately 0.3 % of
the value for the Py-TPD spectrum.
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TABLE 3.4: The effect of coating ZSM-5 with silicalite shells

EXP. CATAL. ADSORB. FLOWRATE MASS EVAC. TIME Tmax RESPONSE

{ml/min) (g) {h:min) (°C) (A.U.)
P6 B Py 150 0.050 23:00 615 598
P7 S-Bdi Py 150 0.050 23:00 590 302
P8 S-Bi Py 150 0.050 23:00 585 262
P9 S-B Py 150 0.050 23:00 585 312
P10 S-B Py 150 0.050 34:00 590 280
M4 B MQ-4 60 1.00 0:15 730 2.1
M5 S-Bdi MQ-4 60 1.00 0:15 785 3.3
M6 S-Bi MQ-4 60 1.00 0:15 795 2.9
M7 S-B MQ-4 60 1.00 0:15 785 0.2

NOTE: The mass of catalyst used for samples coated with a silicalite shell is the mass of the
total sample (ie. ZSM-5 + silicalite-1}. The response is the integrated response (area
counts) per unit mass of sample and unit flowrate.

m/e = 79
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FIGURE 3.20: Py-TPD spectra of HZSM-5 and ZSM-5 coated with silicalite shells
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FIGURE 3.21: The effect of evacuation time on the Py-TPD spectrum of S-B
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FIGURE 3.22: MQ-TPD spectra of HZSM-5 and ZSM-5 coated with silicalite shells
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3.3.2 THE EFFECT OF CHEMICAL VAPOUR DEPOSITION (CVD)

The samples which have been modified by CVD are compared in this section.
Figure 3.23 shows the Py-TPD spectra from HZSM-5 and HZSM-5 modified by
CVD. The Py-TPD spectra of the CVD modified samples are virtually identical to
that of HZSM-5. From Figure 3.23 and Table 3.5 it can be seen that the
intensity, the shape of the peak and T, remain the same. Thus the internal
acidity remains largely unaffected.

The response for samples modified by CVD is given in Table 3.5. The response
of the Py-TPD spectra for the CVD modified samples is similar to that of its
parent crystal (sample C). The response for sample C is approximately half that
of sample B (Table 3.4). This may be due to change in sensitivity of the MS
with time (see Section 3.2.3). These data should therefore not be regarded as
guantitative measurements but rather as an indication of relative changes.

Figure 3.24 shows the MQ-TPD spectra of HZSM-5 and HZSM-5 modified by
CVD. Sample V415-C shows a reduced MQ-4 desorption. This indicates that for
longer tetraethoxysilane deposition times and greater deposition temperatures
less MQ-4 is adsorbed/desorbed. However, the MQ-TPD spectrum of sample
V4-C shows a greater response than sample C. This may be due to the
desorption/cracking mechanism as discussed in Sections 3.2.7 and 4.2.1.

TABLE 3.5: The effect of Chemical Vapour Deposition on ZSM-5

EXP. CATAL. ADSORB. FLOWRATE MASS EVAC. TIME Tmax  RESPONSE

(mi/min) (9) (h:min) (°C) (A.U.)
P11 C Py 150 0.050 22:00 620 327
P12 Va-C Py 150 0.050 23:00 620 281
P13 V1s-C Py 150 0.050 22:00 620 301
M8 C MQ-4 60 1.00 0:15 730 1.4
M9 Va-C MQ-4 60 1.00 0:15 810 2.6
M10 V16-C MQ-4 60 1.00 0:15 760 < 0.1

NOTE: The mass of catalyst used for samples modified by chemical vapour deposition is the
mass of the total sample (ie. ZSM-5 + SiO2). The response is the integrated response
(area counts) per unit mass of sample and unit flowrate.
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FIGURE 3.23: Py-TPD spectra of HZSM-5 and ZSM-5 modified by CVD
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FIGURE 3.24: MQ-TPD spectra of HZSM-5 and ZSM-5 modified by CVD
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4.1 DESORPTION FROM THE TOTAL SURFACE OF HZSM-5

4.1.1 THE DESORPTION SPECTRUM
4.1.1.1 The desorption spectrum of pyridine

The preliminary results show that the signal obtained in Py-TPD spectra is the
true signal from HZSM-5, insofar that it is not affected by desorption from the
reactor walls or adsorption onto the transfer lines. Dispersion of the signal in
the transfer lines from the sample to the detector can also be assumed to be
negligible (Section 3.2.1). Also, pyridine does not react upon desorption (Figure
3.18 in Section 3.2.7).

Only one high temperature desorption (HTD) peak is observed for pyridine
desorption from HZSM-5 (Figure 3.8b). The peak shapes of the Py-TPD spectra
are all skewed towards higher desorption temperatures, thus showing a leading
edge. This leading edge is due to the combined effects of diffusional
restrictions and readsorption in the channels of HZSM-5. This phenomenon is
analogous to the models by Jones and Griffin [1983], Gorte [1982], Demmin
and Gorte [1984] and the findings of Herz et a/. [1982]. In contrast, the Py-
TPD spectrum of silica-alumina shows a spectrum which is skewed towards
lower desorption temperatures (Appendix VII), because silica-alumina is
amorphous and therefore does not exhibit strong diffusional restrictions and
readsorption effects. Similarly, silicalite-l also shows a Py-TPD spectrum which
appears skewed towards lower desorption temperatures (Figure 3.11).
Silicalite-l has a crystalline structure but has essentially no acidity, and therefore
readsorption is limited. This therefore confirms that due to diffusional
restrictions and readsorption effects in the channels of HZSM-5, the spectrum
changes such that the peak maximum temperature is shifted towards higher
desorption temperatures. Moreover, the shape of the Py-TPD spectrum
indicates that Py readily enters the channel structure of ZSM-5 and that it is a
suitable probe for the total acidity of ZSM-5.

The peak maximum temperature of the HTD peak of Py (620 °C) was found to
be greater than that of NH; (375 °C) under the same experimental conditions
(Figure 3.8). This is in agreement with TPD studies of Parrillo et al. [1990].
This is also consistent with adsorption enthalpies from the literature. The
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adsorption enthalpy of -Py is 200 kJ/mol [Parrillo and Gorte, 1993], whereas the
adsorption enthalpy of NH3 is 150 kJ/mol [Parrillo and Gorte, 1993; Sharma et
al., 1993]. Electrons can be delocalized by the resonance effect of the ring
structure in pyridine, thereby stabilizing the adsorbed structure. Even though
NH; is the stronger base, the zeolite-pyridine complex is thought to be more
stable than the zeolite-ammonia complex. Furthermore, the diffusional
resistances in the channels of ZSM-b are greater for Py than for NH;, thereby
increasing the peak maximum temperature [Sharma et a/., 1993].

4.1.1.2 The desorption spectrum of ammonia

The desorption spectrum of NH3 from HZSM-5 shows features similar to those
of Py (Figure 3.8). The HTD peak of the NH3-TPD spectrum is also skewed
towards higher desorption temperatures, indicating diffusional resistances and,
in particular, the readsorption of NH3 in the channels of HZSM-5. Also, it is
clear that NH3 enters the channel system of ZSM-5 and that it is a suitable
probe for the total acidity of Z&GM-5. As mentioned in the paragraph above, the
peak maximum temperature of the HTD peak is lower than that of Py, due to a
weaker bond between the zeolite and NH3, and smaller diffusional resistances in
the channels. The abundance of the signal for NH; is far less than for Py
(Figure 3.8), but this may be explained by the difference in sensitivity of the MS
to different ions (Section 2.3.5.1).

4.1.2 THE EFFECTS OF CATALYST MASS AND FLOWRATE

Kapustin et al. [1988] reported a lowering of T,5x for a decrease in catalyst
mass for the desorption of NHz from HZSM-5. Indeed, it has also been shown
here that by reducing the catalyst mass for NH3-TPD from HZSM-5 a lowering
of Tmax Of the HTD peak is observed for constant flowrates (Table 3.2 and
Figure 3.13). This phenomenon can be explained by considering the influence
of the concentration gradient present in the crystal during the desorption
process on Tmax, a@s described by the models of Demmin and Gorte [1984] and
Rieck and Bell [1984]. By reducing the catalyst mass the total amount of
adsorbate which is able to desorb is also reduced. Thus reducing the catalyst
mass results in a lower concentration of the adsorbate in the carrier gas stream.



Desorption from the total surface of HZSM-5 97

This in turn results in a greater intraparticular concentration gradient (the
gradient from the center to the external surface). This results in a faster
desorption rate of the adsorbate from the catalyst, which is indicated on the
TPD spectrum by the lowering of T,.x. Also, a smaller catalyst mass shortens
the bed length, thereby reducing the chance that a desorbing molecule will
readsorb as it passes through the bed. Similar effects can be observed on the
Py-TPD spectrum from HZSM-5 (Table 3.2 and Figure 3.14).

According to the models mentioned above [Demmin and Gorte, 1984, Rieck and
Bell, 1984], a change in flowrate of the carrier gas should have similar effects,
since a decrease in the flowrate should increase the concentration of the
adsorbate in the carrier gas stream. Indeed, a decrease in the carrier gas
flowrate shows an increase in T, of the HTD peak of the NH3-TPD spectrum
(Table 3.2 and Figure 3.13). Experimental observations of this phenomenon
have aiso been reported for NH; desorption from HZSM-5 by Kapustin et al.
[1988] and for CO desorption from Pt/Al,03 by Herz et al. [1982]. As the
position of T,ax is affected by changes in catalyst mass and flowrate, pore
diffusion and/or readsorption phenomena must be influencing the NH3 and Py
TPD spectra of HZSM-5.

The intensity of the LTD peak in the NH3;-TPD spectrum is reduced to a greater
extent than the intensity of the HTD peak by the reduction of the catalyst mass
or increase in flowrate, even though T, of the LTD peak is only lowered
slightly (Figure 3.13). This gradual disappearance of the LTD peak indicates
that the NH3; desorbed (as indicated by the LTD peak) is readily removed during
the evacuation/flushing period prior to TPD and that it is not strongly bonded
onto the zeolite, but is in fact either physisorbed or weakly chemisorbed. If it
was strongly chemisorbed then a decrease in catalyst mass or an increase in
flowrate should not affect the magnitude of the LTD peak as observed.

4.1.3 THE EFFECTS OF ADSORPTION/EVACUATION TEMPERATURE AND
EVACUATION TIME

For the adsorption and removal of excess Py at low temperatures (100 °C,
which is below the boiling point of Py) and short evacuation times (1 h or less),
the Py-TPD spectrum shows a distinct LTD peak (Table 3.3 and Figure 3.16).
The start of this peak coincides with the adsorption/evacuation temperature,
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and the peak is extremely sharp. When the adsorption/evacuation temperature
is raised to 150 °C (which is above the boiling point of Py) and the evacuation
time is increased to 23 h, the LTD peak completely disappears. Topsoe et al.
[1981] report a similar adsorption temperature (150 °C) and an evacuation time
of 30 min for infrared studies on HZSM-5, and conclude that all physisorbed Py
has been removed from the zeolite. A further increase in adsorption/evacuation
temperature does not alter the desorption spectrum significantly, although the
start of the desorption spectrum is at slightly higher temperatures for longer
evacuation times (Figure 3.16). The fact that the desorption spectrum does not
change much after prolonged evacuation indicates that this material is strongly
chemisorbed. Thus the HTD peak observed in the Py-TPD spectra from HZSM-5
results from the desorption of strongly chemisorbed material.

In contrast, in the case of NHi, the adsorption takes place at about 130 °C
above the boiling point of NH;. Even though the sample is flushed as opposed
to evacuated, it could be argued that the relatively high adsorption temperature
and subsequent flushing at this temperature should readily remove physisorbed
NH; and thus prevent the formation of a LTD peak. Iwamoto et a/. [1986]
suggested that the LTD peak of NH; results from physisorbed or very weakly
chemisorbed molecules, but not from NHz bonded to weak acid sites. Pope
[1990] further suggested that, unlike other larger amines, more than one NHj;
molecule can be adsorbed strongly per acid site. NHj;, being a much smalier
molecule, could form a secondary adsorption layer. It has been shown that for
NHz; desorption from HZSM-5 there exist three desorption peaks when
adsorption takes place at room temperature [Topsoe et al., 1981; Hidalgo et al.,
1984]. The desorption peak at the lowest temperatures (a-peak) could thus be
ascribed to physisorbed NHjz, the B-peak (the LTD peak described here) to
weakly chemisorbed NH3;, and the y-peak (the HTD peak described here) to
strongly chemisorbed NHs.

Due to steric hindrance effects in the channel system of ZSM-5, it is unlikely
that two Py molecules will be able to adsorb onto one acid site. Thus a
secondary adsorption layer for Py on HZSM-5 is less likely to occur. This may
thus explain why the LTD peak of NH; (due to a secondary adsorption layer)
has a higher Tax than the LTD peak of Py (due to physisorbed Py), whereas
the oppaosite is true for T,;x of the HTD peaks (due to chemisorbed material).
Results published by Parrillo et a/. [1990] also show that in their studies the LTD
peak and HTD peak of NH; fall between those of Py.
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4.2 DESORPTION FROM THE EXTERNAL SURFACE OF HZSM-5

4.2.1 THE DESORPTION SPECTRUM OF 4-METHYL QUINOLINE

The desorption spectrum of MQ-4 from HZSM-5 is very different from that of
either Py or NH;. Firstly, due to the stabilizing effect of the double ring
structure of MQ-4, the complex formed with the acid site on the zeolite is very
stable, which may explain the high desorption temperatures of MQ-4. Indeed,
Anderson et al. [1979] reported that the desorption of MQ-4 from ZSM-5 was
extremely slow under reaction conditions at 450 °C.

From the discussion in Section 3.2.7 and Figure 3.19 it can be seen that MQ-4
decomposes/cracks on desorption from HZSM-5, as the parent ion of MQ-4
(m/e=143) is present in very low quantities or not at all. Also, the relative
intensities of the ions seen in the spectrum change during the course of the
experiment, indicating a change in the desorption/cracking mechanism. Since it
is expected that the methyl group will crack readily at higher temperatures, an
attempt was made to monitor the methyl group (m/e=15) during TPD.
However, due to the small quantities invoived and due to the low sensitivity of
the MS to m/e=15, no desorption of the methyl group could be detected. The
methyl group did not seem to react with H,0 from the zeolite framework as no
methanol was detected. Similarly, due to the low sensitivity to these ions, it
was not possible to check whether methane (m/e=16) or NH3; (m/e=16 and
17) formed part of the reaction products. These ions would also be masked by
the loss of H,O (which is present is substantial amounts when 1 g of material is
used) from the framework due to dehydroxylation.

The species remaining on the catalyst after the methyl group has cracked would
be a quinoline radical. The parent ion of quinoiine (m/e=129) could not be
detected, whereas m/e =128 could be observed. This further suggests that the
methy! group cracks, leaving a quinoline radical bonded to the acid site (ie.
quinoline is left with a negative charge). This charge can be distributed through
the double ring structure of quinoline and the protonic acid site, thereby
stabilizing the quinoline-zeolite complex. As m/e =128 reaches the detector, it
seems that at least a fraction of the quinoline radicals must be desorbed without
undergoing further decomposition. The most abundant ion in the spectrum of
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MQ-TPD (Figure 3.8(c) and Figure 3.19) is m/e=78, which can probably be
ascribed to benzene or perhaps a pyridine radical.

The reaction products are small enough to enter the channel structure, thus
possibly further complicating the MQ-TPD spectrum. But, since the
desorption/cracking mechanism occurs only at high temperatures, and because
only a small amount of material is desorbed (see arguments in Section 4.2.2), it
is extremely unlikely that any material would enter the channels during the
adsorption step. Thus any material entering the channels can only do so during
the TPD process. Therefore any material detected originates from the external
surface of the catalyst.

Furthermore, due to the changes in the desorption/cracking mechanism as the
temperature is increased, changes in the peak shape must not be interpreted as
changes in acidity. Only when no material is seen to desorb from the catalyst
can it be said that the external acidity has been eliminated.

4.2.2 EVIDENCE FOR THE ADSORPTION OF 4-METHYL QUINOLINE ONTO THE
EXTERNAL SURFACE ONLY

4-Methyl quinoline was chosen because it was not expected to enter the
channels of ZSM-5. The critical diameter of MQ-4 is 7.3 A [Rollmann, 1991],
whereas the largest pore diameter of ZSM-5 is 5.4 x 5.3 A [Haag and Chen,
19871.

It has been argued in Section 2.3.5.1 that the abundance for different ions is
very different. Indeed, in the case of NH; (m/e=17) and Py (m/e=79) the
intensity of the signal for similar experimental conditions was much larger for
Py. The most abundant ion of the MQ-TPD spectrum is m/e=78. Although
m/e=78 is not the parent ion of MQ-4, and in fact arises from
desorption/cracking phenomena as discussed in Section 4.2.1, it is the most
stable ion representing removal of MQ-4 from the external surface. This ion is
similar in molecular weight and chemical structure to that of Py (m/e=79), and
it may therefore be assumed that even if there is a difference in sensitivity for
these ions, this difference is small. When the signals of a Py-TPD spectrum and



Desorption from the external surface of HZSM-5 101

a MQ-TPD spectrum are compared, it can be seen that the maximum intensities
are approximately 7x10% and 2.5x104 units respectively. If the differences in
catalyst mass (0.05 g and 1.0 g respectively), flowrate (150 mi/min and 60
ml/min respectively) and MS dwell time (0.988 sec and 5.000 sec respectively)
are taken into account, it becomes evident that the amount of MQ-4
adsorbed/desorbed per gram of catalyst is approximately 2-3 orders of
magnitude smaller than the amount of Py adsorbed onto HZSM-5. Indeed,
comparing the response of Py-TPD and MQ-TPD spectra (Figures 3.9 and 3.10),
the response of MQ-TPD spectra is 0.25 % compared to that of the Py-TPD
spectra. These estimates are slightly lower than the ratio of external to internal
surface of HZSM-5 (1:100) reported by Sayari et a/. [1991], although these
values are very dependent on crystal size.

Experimental evidence also suggests that MQ-4 is adsorbed only onto the
external surface. By changing the catalyst mass no change was observed in
Tmax (Figure 3.15). Therefore a decrease in catalyst mass does not result in an
increase in the desorption rate. This indicates that there is no concentration
gradient in the catalyst particle, and thus that no readsorption occurs. This
therefore suggests that MQ-4 is adsorbed solely onto the external surface of
HZSM-5.

The MQ-TPD spectrum is not altered by prolonged evacuation times (16 h at
100 °C). This suggests that MQ-4 is strongly chemisorbed, which is consistent
with its high desorption temperature. Furthermore, in none of the experiments
was there an indication of a LTD peak, and since the adsorption and evacuation
steps were carried out at low temperatures, this suggests that no physisorbed
material is present. This could be true if any physisorbed material present were
to be removed extremely quickly on evacuation. This is consistent with the
deduction that MQ-4 is not present within the channel structure, and
physisorbed MQ-4 is therefore readily removed from the external surface upon
evacuation.

Even though the reaction of MQ-4 on desorption makes it difficult to determine
whether the peak is skewed either towards lower or higher desorption
temperatures, it would seem (from m/e=78) that the peak is skewed towards
lower temperatures (Figure 3.19 for example). This again implies that there are
no diffusional limitations or readsorption effects, and hence that the desorbed
species are likely to be derived from the external surface.
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4.3 MODIFICATIONS

4.3.1 COATING WITH SILICALITE SHELLS

4.3.1.1 Structure of the resulting material

The first question that needs to be answered is whether the phase formed in the
modification is silicalite-l or some other (amorphous) phase. None of the
electron micrographs (Figure 3.7) show distinguishable deposits of amorphous
material at the magnifications used here. It is possible that separate silicalite-I
crystals were formed. None of the XRD patterns reveal a noticeable increase in
the baseline at any point in their pattern (Figure 3.2), suggesting the absence of
X-ray detectable amorphous phases.

The intensity of the two peaks at 7.9° and 8.8° 26 decreases with the amount
of H,O adsorbed by the sample [Hardenberg et a/., 1992; Szostak, 1989].
Thermogravimetric analysis has shown that silicalite-l has only 0.1 wt%
adsorbed H,0, whereas ZSM-5 has approximately 6-7 wt% adsorbed H-20
(Table 3.1). This explains the low intensity of these reflections for sample B. It
is interesting to note that these reflections have increased in magnitude for the
modified samples, due to the presence of the silicalite-l phase and the
corresponding decrease in adsorbed H,O (Figure 3.2). This is contrary to
findings of Lee et al. [1993], who report a decrease in the intensities of the
peaks at 7.9° and 23.1° 28 for silicalite modified ZSM-5. However, the
findings reported by Lee et al. [1993] are contrary to what might be expected,
whereas those of this study are consistent with what may be expected to result
from the catalyst preparation methods.

The XRD patterns of the three modified samples thus indicate that silicalite-I (or
possibly highly siliceous ZSM-5) phases have been formed. The observation
that the silicalite modified samples are apparently "less crystalline™ (Table 3.1)
may be a result of an overlap of ZSM-5 and silicalite-l patterns, which is likely to
broaden the reflections, resulting in an apparent loss in intensity. Therefore,
given that these relative crystallinities differ only minimally from the parent
material, it is likely that all samples studied (ie. those listed in Table 3.1) are of
good crystallinity.
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4.3.1.2 Internal acidity of the resulting material

The number of acid sites per gram of catalyst has been reduced by the
formation of the silicalite-l phase. The aluminium content determined by AAS
corresponds well with the aluminium in the synthesis mixture, as the expected
value should be approximately 1/(1+ 1.5) times that of the parent sample if 1
gram of ZSM-5 is reimmersed in a synthesis mixture expected to yield 1.5
grams of silicalite-1 (Table 3.1).

The Py-TPD spectra of samples modified by coating with silicalite shells all show
a reduction in the intensity of the signal and a lowering of T, (Table 3.4 and
Figure 3.20). Lee et al. [1993] have reported similar results for NH3-TPD
spectra from ZSM-5 coated with silicalite shells. This is due to the reduction in
the specific number of acid sites (ie. acid sites per gram of total sample), which
results from the presence of the silicalite-l phase. It has been shown by several
researchers that an increase in the Si/Al ratio lowers both the intensity of the
signal and T3 [Hidalgo et al., 1984; Kapustin et a/., 1988}. However, it has
also been shown in Section 3.2.5 that a reduction in catalyst mass results in
similar observations. In both cases the number of acid sites are reduced. The
silicalite shell effectively reduces the mass of ZSM-5 in the sample and hence
the specific number of acid sites. The overall reduced acid site density results
in reduced gas phase concentrations and reduced readsorption effects, the
result of which is the observed reduction of the intensity of the signal and the
lowering of Tyax-

The peak shape of each modified sample is skewed towards higher desorption
temperatures, indicating that readsorption occurs. Sample S-Bdi has a very
similar shape to sample B, whereas samples S-Bi and S-B show an increase in
the desorption rate at lower temperatures (Figure 3.20). According to Jones
and Griffin [1983], such an increase in the desorption rate at lower
temperatures occurs when the initial surface coverage is higher (Figure 1.23).
However, it is unlikely that this is the case, as the sample has been exposed to
the adsorbate for extended periods and total site saturation is expected. (It was
shown earlier that even at low temperatures (100 °C) the sample was fully
saturated (Section 3.2.6) and at these higher adsorption temperatures saturation
should be even faster, as diffusional restrictions will be smaller.) To investigate
whether this increase in the desorption rate at lower temperatures arises from
physisorbed Py "trapped” in the channels as a result of pore blockage, due to
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the deposition of silicalite rich deposits during the coating procedure, the sample
S-B was evacuated for 34 h. This did not alter the Py-TPD spectrum of sample
S-B (Figure 3.21). Therefore, the material desorbed at lower temperatures is
also chemisorbed material.

The two samples which show an increased desorption rate at lower
temperatures, samples S-Bi and S-B, are both detemplated during the
intermediate treatment. This opens the channels of the zeolite, thus making it
possible for the silicalite-l synthesis gel to enter the channels. Thus it may be
possible for silicon ions in the synthesis mixture to exchange for aluminium ions
in the framework. The aluminium ions released could thus be either
incorporated into the shell or included in the form of amorphous material. This
is less likely to happen for sample S-Bdi as it is not detemplated during the
intermediate treatment. Hence the channels of S-Bdi are filled with template,
such that the silicalite-l synthesis gel is unable to enter the channels. The
relative crystallinities are apparently slightly lower for samples S-Bi and S-B
(Table 3.1).

This is supported by quantitative NH3-TPD results (Table 3.1), which show that
more than one NH3; molecule is adsorbed per acid site, although this is the case
for samples S-Bi, S-B as well as for sample S-Bdi. It is possible that the silicalite-i
phase adsorbs a small amount of NHi;, as sample S-1 also showed some
desorption of NH3 (Table 3.1). This may be due to trace aluminium in the
synthesis mixture which is undetected by AAS. It is also possible that
amorphous acidic material, which can adsorb more than one NH; molecuie per
acid site, causes this increase. Indeed, Handreck and Smith [1990]} suggested
that this modification method may form acidic amorphous material. Such
material may be the source of increased desorption rates at lower temperatures
as shown by Figure 3.21.

On the other hand, n-hexane adsorption capacities for samples B and S-B did
not seem to indicate pore blockage or a reduction in the pore volume. Rollmann
[1980] also did not see a reduction in n-hexane adsorption capacities for
catalysts coated with silicalite shells, which remained approximately 11 wt% at
25 °C. n-Hexane adsorption capacities for HZSM-5 reported by Szostak [1992]
are 11.0 wt% at 50 °C. Values reported here are slightly lower, namely 9 wt%
at 50 °C (Table 3.1).
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In each of the modified catalysts the internal acidity is still essentially intact.
The modification seems to have formed mostly ZSM-5 and silicalite-l phases. It
is possible that small amounts of acidic amorphous material have also been
formed, although SEM, XRD and n-hexane adsorption capacity data seemingly
contradict the TPD resulits.

4.3.1.3 External acidity of the resulting material

MQ-TPD spectra of the modified samples (Figure 3.22) show that sample S-B
has a peak intensity which is much lower than that of the unmodified catalyst
(sample B). This indicates that the coating has been successful for this sample,
without seriously having affected the internal acidity of the catalyst. Samples
S-Bdi and S-Bi still show externai acidity and have therefore not been modified
successfully (Figure 3.22). In the case of this study, NH4-ZSM-5 was used as
seed material for the synthesis of S-B, whereas Na-ZSM-5 was used in the
synthesis of S-Bdi and S-Bi. Lee et a/. [1993] used Na-ZSM-5 as seeds.

Samples S-Bdi and S-Bi have in fact a greater peak height for m/e=78 than
sample B. It should be noted, however, that the peak shape has changed and
that T,y is higher for these samples than for sample B. It is difficult to
speculate why 1this is so, as this may be due to changes in the
desorption/cracking mechanism on the external surface. The change in peak
shape should not be interpreted as a change in catalyst acidity (see arguments
in Section 3.2.7 and Section 4.2.1).

4.3.2 CHEMICAL VAPOUR DEPQOSITION
4.3.2.1 Structure of the resulting material

The structure of catalysts modified using the chemical vapour deposition
method show very little change when compared to the unmodified catalyst.
The electron micrographs of the crystals show no differences (Figure 3.6). The
XRD patterns of samples V4-C and V;6-C show small decreases in the peaks at
20 values of 7.9° and 8.8° for increasing silane deposition (Figure 3.3), but the
relative crystallinities are similar to sample C (Table 3.1). Thus it can be
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concluded that the resulting samples have essentially the same structure as the
parent material. Niwa et al. [1986] have suggested that only a thin layer of
Si0O, covers the crystals. The Si/Al ratio of the modified samples remains
essentially the same (Table 3.1). This implies that very little silicon has been
deposited onto the catalyst, and that only a thin layer of SiO; has formed
around sample V,6-C, as supported by the Al content data (Table 3.1).

4.3.2.2 Internal acidity of the resulting material

NH;3-TPD studies carried out by Niwa et a/. [1986] revealed that neither strength
nor amount of the acidity was changed by the deposition of tetramethoxysilane
on HZSM-5. Similar results were obtained by Niwa et a/. [1984a] for NH;
desorption from HM. This study has shown that Py-TPD spectra of HZSM-5
modified by chemical vapour deposition using tetraethoxysilane {samples V4-C
and V16-C) also show no essential differences from the parent HZSM-5 (sampie
C). The intensity of the signal, the peak shape and T, remain essentially
unchanged by chemical vapour deposition (Table 3.5 and Figure 3.23).

n-Hexane adsorption capacities for samples C and V,¢-C are identical (Table
3.1). Niwa et a/. [1984a and 1989] have reported a slight decrease in the n-
hexane adsorption capacities of CVD modified HM, and a much larger decrease
in the o-xylene and p-xylene adsorption capacities of CVD modified HZSM-5
[Hibino et a/., 1991] and HM [Niwa et &/.., 1984a; Niwa et a/., 1989]. However,
the H,0O adsorption capacity remained the same [Niwa et a/., 1984a; Niwa et
al., 1989]. They concluded that the pore volume remains the same, and that
the reduced adsorption capacities for the larger molecules was due to the
narrowing of the pore openings by the deposition of tetramethoxysilane.

As the NH3-TPD and Py-TPD data do not indicate a change in the number or
strength of acid sites far the modified samples, and n-hexane adsorption
capacities are unchanged, it can be concluded that the internal acidity is not
affected by the deposition of tetraethoxysilane and that the pore volume
remains the same.
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4.3.2.3 External acidity of the resulting material

The MQ-TPD spectrum of sample V1¢-C shows almost no adsorption/desorption
of MQ-4, whereas sample V4-C does show a desorption peak (Figure 3.24).
The increased temperature of deposition and the increase in deposition time has
therefore been responsible for a more effective elimination of the external
acidity.

The peak height of sample V4-C is greater than that of sample C, but it must be
reiterated that the change in peak shape does not necessarily imply a change in
catalyst acidity. Hibino et a/. [1990] investigated the cracking of 1,3,5-
triisopropylbenzene over HZSM-5 and CVD modified HZSM-5. This reaction can
only take place on the external surface of the catalyst. They reported that the
conversion decreased with increasing amounts of silane deposition. This implies
that the elimination of the external acidity occurs gradually. Since a desorption
peak for sample V4-C is still visible (Figure 3.24}, the elimination of the external
acidity has not been completed for this sample.

Although the deposition time and temperature required for elimination of the
external acidity in these studies are greater than those used by Niwa and co-
workers, this can probably be attributed to two factors: (i) tetraethoxysilane is
less reactive than tetramethoxysilane [Niwa et a/., 1989], and (ii} in this study
the catalyst mass used is larger than that typically used by Niwa and co-
workers.
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5. CONCLUDING REMARKS

These studies have confirmed that temperature programmed desorption is a
suitable method for determining whether the elimination of the external acidity
of ZSM-5 has been achieved. It has been shown that both NH3 and Py readily
enter the channel system of ZSM-5 and that they are suitable probes for the
total acidity of ZSM-5. 4-Methyl quinoline has been shown to be suitable as a
selective probe for the external acidity of ZSM-5. The elimination of the
external surface acidity has been successful both for samples modified by
coating with silicalite shells and for samples modified by chemical vapour
deposition.

The results have also shown that, in the case of NH3, a secondary adsorption
layer is formed, where more than one NH3; molecule is adsorbed per acid site.
This then gives rise to two desorption peaks for chemisorbed NH3;. The NH;
desorbed as indicated by the LTD peak may be removed during the
evacuation/flushing period prior to temperature programmed desorption, and it is
not strongly chemisorbed to the zeolite. Because a secondary adsorption layer
for Py on HZSM-5 was not observed, two Py molecules are not able to adsorb
onto one acid site due to steric hindrance effects in the channel system of ZSM-
5. Thus a LTD peak of NH3; (due to a secondary adsorption layer of NH3) with a
higher value of T,,x than the LTD peak of Py (due to physisorbed Py) is
observed, whereas the opposite is observed for T,,,x of the HTD peak (strongly
chemisorbed material). This is because the pyridine-zeolite complex is more
stable than the ammonia-zeolite complex.

Furthermore, the peak shapes of the NH3-TPD and Py-TPD spectra are skewed
towards higher desorption temperatures, and the position of the peak maximum
temperature of the NH3;-TPD and Py-TPD spectra are affected by changes in
catalyst mass and carrier gas flowrate. This indicates that diffusion and
readsorption phenomena are present in the channels during temperature
programmed desorption of these adsorbates from HZSM-5. These phenomena
account for a spectrum that is skewed towards higher desorption temperatures.

The amount of 4-methyl quinoline which is adsorbed/desorbed from ZSM-5 is
approximately 2-3 orders of magnitude smaller than that of pyridine.
Furthermore, the MQ-TPD spectrum is not influenced by changes in catalyst
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mass (indicating no readsorption phenomena in the channels) or evacuation
times (indicating physisorbed MQ-4 is readily removed). Therefore it can be
concluded that 4-methyl quinoline is adsorbed solely onto the external surface
of ZSM-5. Thus it is suitable as a selective probe for the external acidity of
ZSM-5. Moreover, due to its high desorption temperatures, MQ-4 could be a
suitable poison for the external surface of ZSM-5 for reactions below 500 °C.

it has been found that MQ-4 reacts upon desorption from ZSM-5. Therefore, no
quantitative measurements of MQ-4 can be made using a mass spectrometer.
Furthermore, this phenomenon is responsible for the inability to draw
conclusions about changes to the catalyst acidity from the peak shapes of MQ-
TPD spectra. It is possible that products of reaction could enter the channels.
However, since the desorption/cracking mechanism occurs only at high
temperatures, and given that only a small amount is desorbed, it is extremely
unlikely that any material would enter the channels during the adsorption step
(ie. any material entering the channels can only do so during the TPD process).
Therefore any material detected originates from the external surface of the
catalyst, and elimination of the external acidity has been achieved when no
material is detected.

A silicalite-l (or possibly a highly siliceous ZSM-5) phase has been formed in
samples modified using the silicalite shell method, and separate silicalite-|
crystals may have been formed. The silicalite-l phase has resulted in a decrease
in the specific number of acid sites (the number of acid sites per gram of
resulting material), as shown by the Al content and quantitative NH3;-TPD
measurements. The samples have retained good crystallinities and n-hexane
adsorption capacities. In each of the silicalite modified catalysts the internal
acidity is still essentially intact. Thus the channel structure remains accessible
to the adsorbates. The external acidity has been eliminated for the sample
where the NHg4-form of the parent crystal has been used as seed material
(sample S-B). The use of undetemplated seed crystals is preferred, in that the
deposition of amorphous species in the channels can be prevented during the
modification process.

Samples modified using the chemical vapour deposition method have retained
good crystallinities and n-hexane adsorption capacities. No decrease in the
specific number of acid sites is observed. In each of the CVD modified samples
the internal acidity remains unchanged and accessible to the adsorbates. The
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external acidity has been eliminated for the sample on which the largest amount
of tetraethoxysilane has been deposited (ie. using the longest deposition time
and highest deposition temperature - sample V45-C).

A description of the materials resulting from the two methods employed to
eliminate the external acidity from ZSM-5 may be proposed as follows:

Silicalite shell modification

The nature of the material resulting from silicalite shell modification seems to be
a combination of ZSM-5 and silicalite-l phases. The silicalite-l phase does not
always coat the ZSM-5 crystal completely, but when it does (as for sample
S-B), a thick shell of silicalite-l is required to ensure coverage of the crystals. It
appears that during the modification procedure with detemplated seed crystals,
a small amount of amorphous material is formed, as indicated by an increase in
the desorption rate at lower temperatures of Py-TPD spectra and by quantitative
NH3-TPD results. It may be speculated that the synthesis mixture used in the
modification procedure may extract aluminium out of the framework and replace
it with silicon, provided the channeis of the seed crystal have been detemplated
(ie. the channels are not filled with template}. The freed aluminium couid thus
be included in the formation of the shell, or in the formation of amorphous
material. However, the channels are still accessible to the adsorbates.

Chemical vapour deposition modification.

The nature of the material resulting from modification using chemical vapour
deposition is very similar to that of the unmodified HZSM-5. The internal acidity
and pore volume are unchanged. The external surface is thought to be covered
only by a thin layer of inert silica (of the order of a few monolayers).

Modification by chemical vapour deposition therefore seems to be more suitable
than the silicalite shell method for elimination of the external acidity of ZSM-5.
However, the effects on the activity, selectivity and life-times of these modified
catalysts have not been studied here. Each modification method may have
different effects on these parameters. The suitability of the above modification
methods, and indeed of other modification methods not studied here, for
yielding catalysts of improved performance for specific reactions must therefore
still be investigated.



112 Chapter 5 - Concluding remarks




APPENDICES






Appendix |

APPENDIX I: LIST OF CHEMICALS AND REAGENTS

REAGENT SUPPLIER PURITY

CHEMICALS

Al(OH)3 BDH 99.5 %

NaOH Saarchem 97 %

Ludox HS40 Du Pont 40 % SiO2

tetrapropylammonium bromide Fluka Chemie A.G. 98 %

tetraethoxysilane (TES) Fluka Chemie A.G. 98 %

NH4NO3 Saarchem 99 %

HF Riedel-de-Haen 40 % HF

Boric acid GPR 99.5 %

HCI BDH 31 % HCI

Al solution Saarchem 1000 PPM

Si solution Saarchem 1000 PPM

Na solution Saarchem 1000 PPM

n-hexane Merck 99 %

ADSORBATES

pyridine Merck 99.7 %

4-methyl quinoline Aldrich 99 %

NHa/He Air Products 5 mol% NH3

CARRIER GASES

air Fedgas 99.99 %

He Fedgas 99.996 %

N2 Fedgas 99.995 %

OTHER

N2 (liquid) Afrox

molecular sieve (3A}) Merck >2.5mm 5%
<1.6 mm 2%
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APPENDIX lI: LIST OF EQUIPMENT

DESCRIPTION MANUFACTURER MODEL
VACUUM PUMPS

rotary pump Edwards ED100
air-cooled oil diffusion pump Edwards EO50/60
oil for rotary pump Edwards No 16
oil for diffusion pump Dow Corning Silicone 705
accessories Edwards

VACUUM GAUGES

Pirani vacuum gauge Edwards PRH10K
Penning vacuum gauge Edwards CP25K
vacuum display unit Edwards 1005
accessories Edwards

TPD FURNACE and TEMPERATURE CONTRQLLERS

TPD furnace Kiin Contracts

temp. programmer RKC Instruments REX-P9
temp. controller RKC Instruments REX-C10
temp. display indicator RKC Instruments DP-4
temp. selector unit RKC Instruments SP-4
thermocouples ElectroHeat

heating tape ElectroHeat

FLOWMETERS

mass flow controller Brooks 5850TR
4-channel display unit Brooks 5878
QUARTZ and GLASSWARE

quartz tubing and frits Heraeus

glass stopcocks J.Young Glassware

glass male/female joints J.Young Glassware

glass ball joints J.Young Glassware

o-rings and accessories J.Young Glassware

DETECTOR

gas chromatograph Hewlett Packard 5890 Series I
mass spectrometer Hewlett Packard 5971A
GC column Scientific Glass Eng. 062447
MISCELLANEQUS

valves, fittings, filters Jo'burg V&F

regulators Air Products 1001
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APPENDIX IV: SAMPLE CALCULATION OF AAS RESULTS

The sample calculation of the aluminium content in catalyst A, as determined by
AAS, is shown below. The silicon and sodium contents can be calculated
similariy. The figures in brackets are those for silicon. As no sodium was
detected no values are given for sodium.

Al reading: 7.0 PPM (dilution = 1)
Si reading: 52.0 PPM {dilution = 5)
Na reading: 0.0 PPM
wet mass: 301.7 mg
moist. cont.: 6.8 wt%
(i) mass% Al203 = Al reading (PPM) x final vol. {(ml} x dilution x MW{AI203) x 100

wet mass {mg) x MWI{AI2) x 1000

= 7.0 x 500 x 1 x101.96 x 100
301.7 x 53.96 x 1000

= 2.192 % (92.18) e A

(i} mass Al203 in sample mass% Al203 x wet mass {mg) / 100

= 2.192 x 301.7 /100

= 6.613 mg (278.1) B

i

Al reading (PPM) x final vol. {ml) x dilution
wet mass (mg) x MW(AIl}

{iii) mmol Al / g sample

= 7.0 x 500 x 1
301.7 x 26.982

= 0.430 mmol (15.34) ... C

I

(iv) theor. dry mass mass Al203 + mass Si02 + mass Na20 in sample
= 6.613 + 278.1 + 0.0

= 2847 mg .. D

N

theor. % moisture wet m mgq) - theor. m m x 100

wet mass {mg)

= [301.7-284.71x 100
301.7

= 563% L E
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APPENDIX lll: CATALYST NOMENCLATURE

The catalysts are named according to the following code:

where

NOTE:

examples
1. A
2. S-Bai

3. Va-C

M;-Pdi

- M is the modification step.
S - modification using silicalite shells
V - modification using chemical vapour deposition

- t is a number indicating the time, in hours, during which chemical
vapour deposition took place (Not applicable to the silicalite
shell method).

- P is the primary synthesis batch (A - C)
A - used mainly for catalyst characterization and testing
B - used for modification using silicalite shells
C - used for modification using chemical vapour deposition

- d indicates that during the intermediate treatment, detemplation
did not occur.

- i indicates that during the intermediate treatment, ion exchange
did not occur.

S-l is a silicalite-l batch

This is unmodified ZSM-5, batch A.

This is the primary ZSM-5 of batch B, not detemplated and not ion-
exchanged during the intermediate treatment, which is modified
using the silicalite sheli method.

This is the primary batch C, detemplated and ion exchanged (not

indicated), modified using the chemical vapour deposition method
for 4 h.
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(v)

(vi)

(vii)

{viii)

(ix)

actual dry mass

mass% Al203
per g dry sample

mmol Al203
per g dry sample

mol% Al203

Si/Al

wet mass {mg) - [ wet mass (mg) x moist. cont. / 100 ]

301.7-{301.7x6.8/1001

281.2 mg

mass Al203 in sample (mqg) x 100

actual dry mass (mg)

6.613 x 100

2.35 % (98.9)

mass% Al203 x 1000
MW(AI203) x 100

2.35 x 1000
101.96 x 100

0.231 mmol (16.46)
mmol Al203 x 100
mmol TOTAL
0.231 x 100

1.38 % (98.62)

mmol Si02
mmol Al203 x 2

0.

281.2

16.691

16.46
231 x

35.6

2
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APPENDIX V: LEAK TESTING

The vacuum line was leak tested prior to operation. Results of the pressure
obtained in various parts of the vacuum line are given in the table below. The
pressure in certain parts of the vacuum line was checked periodically, especially
after maintenance tasks had been performed, and compared to the values given
in the table below.

VALVE PRESSURE
open closed (mbar)
V1-Vvi2 1.0x 105
V1 -V10 V11, Vi2 7.6 x 106
V9 -V12 V1-Vvs8 9.0 x 10
V9 - V11 V12 7.8 x 106
V9 -V10 V11, V12 6.0 x 106

NOTE: The pressure indicated is the pressure in the vacuum line with the valves (as given in
Figure 2.3) opened or closed as indicated. Valves V13 and V14 are closed in each case.

These results indicate that the pressure in the clean line is less than 1 x 10°
mbar after pumping down for two days. Under normal operating conditions the
vacuum line is pumped down to less than 1 x 104 mbar prior to the adsorption
stage. The pressure in the vacuum line during pyridine adsorption is
approximately 10" mbar. An estimate of the leak rate showed that, during the
adsorption step, the pressure increase due to "leaks” in the vacuum line was
negligible compared to the partial pressure of the adsorbate.
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APPENDIX VI: FURNACE CONFIGURATION AND TEMPERATURE RAMP

The furnace shown below has been designed for this project. The heating
element is alferon super, which is wound around twelve ceramic tubes. This is
housed in a well insulated chamber. The TPD cell can be inserted through
openings at the top and bottom of the furnace. Deflector shields above and
below the furnace prevent heat losses from the top and bottom of the furnace,
thus preventing the Cajon fittings from being heated excessively.

F — e

- 25 M _ ///é////%/_ o
/ : - / -
3 e .

310 |

The TPD furnace
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The figure below shoWs the linearity of the temperature ramp for different
heating rates from 50 - 1050 °C. The slope of the temperature ramp is
calculated by linear regression. In each case the correction coefficient (based
on 101 data points) is better than 0.99999.

1200

1000 [ a L

f
20 degC/min /
/ 10 degC/min 5 degC/min
600 / / /
T o T OO S A U JOS
CALCULATED SLOPES
19.887 degC/min
10.00t degC/min
200 ‘%

TEMPERATURE (degC)

4983 degC/min

0 ; i i .
-50 0 50 100 150 200 250
TIME (min)

Profiles of the temperature ramps in the TPD furnace.
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APPENDIX Vii: MISCELLANEQOUS TPD SPECTRA

Py - TPD
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m/e = 79

DESORPTION RATE
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Appendix VI

DESORPTION RATE

tmmol/g/eC)

DESORPTION RATE
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SILICA - ALUMINA
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