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Synopsis

This work focuses on aromatic hydroxylations over titanium-substituted zeolites of different pore
sizes (TS-1, Al-free Ti-beta and Ti-HMS) using aqueous HoO» as the oxidant. The aim was to
gain a deeper understanding of the key factors controlling activity and selectivity, which implied
an investigation of the reaction kinetics and the adsorption and diffusion properties of reactants and
products in the various catalysts using different solvents. The role of shape selectivity inside the
micropores of the solids and the reaction at their external surface was also examined.

In the course of this work, titanium-~-containing molecular sieves with different pore and crystal
sizes have been synthesised. Physico-chemical characterisation methods confirmed the high quality
of all samples. Comparing the product distributions obtained with catalysts of different pore sizes
allows for investigation of shape selectivity in the zeolite pores, whereas variation of the crystal size
represents a method of evaluating the influence of (i) the external surface and (ii) diffusional limita-
tions on the rate of reaction. The influence of the external surface was further investigated by suc-
cessfully applying the cycle-wise chemical vapour deposition (CVD) of tetraethoxysilane (TEOS)
technique to completely deactivate the external surface of nano-size (deryster = 0.1 p2m) TS-1 crys-
tals. It was shown that the application of this technique leads to deactivation of the external surface
without imposing additional mass transfer resistances on diffusing molecules through narrowing or
blocking of the pore mouth. A kinetic model was developed fo represent the reaction data for the
hydroxylation of phenol, anisole and toluene and good model fits were achieved. The application of
this model to reaction data obtained from non-modified and surface-deactivated small T8-1 crystals
allowed for decoupling of the activity of the internal and external surface of the zeolite. A chromato-
graphic HPLC technique was used to characterise the adsorption properties and the liquid-phase
ZLC method was chosen to measure the transport propertics in the zeolites with different solvents.

The adsorption of reactants and products in both TS-1 and Al-free Ti-beta is the key factor for
their excellent catalytic properties in aromatic hydroxylations. The hydrophobicity of both catalysts
renders the intraporous Hy05 concentration low and inhibits readsorption and subsequent overoxi-
dation of reaction products. Furthermore, framework hydrophobicity ensures their stability towards
leaching of titanium, which was observed in the much more hydrophilic mesoporous titanosilicate

Ti-HMS. A stronger adsorption of the aromatic reactant is also responsible for the activity of TS-1
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and Al-free Ti-beta in different solvents, which decreased in the order water >> methanol > acetone.

The intraporous diffusion of aromatics in TS-1 and Al-free Ti-beta was found to be solvent-
dependent and decreased with increasing adsorption of the aromatic compound, suggesting that the
diffusion of the aromatic is influenced by its interactions with the zeolite walls, The measured
intracrystalline diffusion coefficient of phenol in TS-1 was about an order of magnitude higher than
reported in the literature. The discrepancy might be explained by the fact that literature values were
determined under reaction conditions, whereas the diffusivities measured with the ZLC method are
binary counterdiffusivities. The activation energy determined for the diffusion of phenol in TS~1 was
20.4 kJ/mol, which is in agreement with literature values for similar systems. The intracrystalline
diffusivity of phenol was about a factor of 8 larger in Al-free Ti-beta compared to TS-1.

Reaction rates of aromatic hydroxylations over TS-1 and Al-free Ti-beta become strongly diffu-
sion limited for larger crystals. Small crystals (degysiar < 0.3 gm) of TS-1 have to be used to avoid
major mass transfer limitations, Despite faster diffusion in Al-free Ti-beta, intraporous mass transfer
resistance also influences the phenol hydroxylation in the smaller crystals synthesised (dgrystar = 0.9
um). On the basis of the observed kinetic constants and the adsorption and diffusion measurements,
the intrinsic activity of TS-1 was found to be slightly higher than the one of Al-free Ti-beta.

The selectivities and the different activities obtained with phenol, anisole and toluene are con-
sistent with an electrophilic substitution reaction initiated by a titanium hydroperoxo species formed
upon reaction of framework titanium with HoQ,. The reactivity decreased in the order phenol >
anisole > toluene. Ortho- and para-hydroxylation was observed in the phenotl and anisole hydroxy-
lation, whereas all three isomers were obtained in the toluene hydroxylation. A reaction mechanism
mnvolving the electrophilic attack of the terminal OH of the Ti-OOH group is proposed.

The selectivities obtained in aromatic hydroxylations over TS-1 and Al-free Ti-beta were
strongly solvent dependent. In the case of the phenol hydroxylation over TS-1, the p/o-product
isomer distribution was reversed when changing from a protic to an aprotic solvent. Higher para-
selectivities were generally obtained in protic solvents for all reactions. Various configurations of the
titanium active site are discussed and coordination of protic solvent molecules to the titanium atom
is proposed. The size of the active site is significantly increased with coordinated solvent molecules,
which imposes a geometric constraint in the micropores of TS-1 and enhances para-hydroxylation.
Protic solvents can therefore play an active role in the reaction path and a reaction mechanism con-
sistent with the selectivities observed is suggested.

A comparison of TS-1 and Al-free Ti-beta in the phenol hydroxylation confirms the presence of
shape selectivity in TS-1 since much higher para-selectivities were obtained with the latter. Protic
solvents enhance shape selectivity through coordination to the titanium site. In the anisole and
toluene hydroxylation however, more para-hydroxylation was observed with Al-free Ti-beta. This
can be explained by the ability of aromatic molecules to adopt a different configuration in Al-free
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Ti-beta. Apolar substituents at the aromatic ring can point away from the polar active site towards
the zeolite wall, a configuration that favours para-hydroxylation and is not possible in TS-1.

A comparison of parent and external surface-deactivated TS-1 revealed that the role of the exter-
nal surface is important. All hydroxylation reactions proceeded at an order of magnitude faster rate
at the external surface, which originates from higher H, 0O, concentrations at the active sites. External
surface sites are exposed to the peroxide concentrations in the bulk solution, which are much higher
than in the pores, hence showing much higher activity. Undesired side reactions such as hydrogen
peroxide decomposition and tar formation also mainly take place at the external surface. The exter-
nal surface also exhibited different selectivitics compared to the intemnal surface. In all cases, higher
para-selectivities were obtained for the internal reaction, confirming a shape selective reaction inside
the micropores of TS~1.

Al-free Ti-beta is a suitable catalyst for aromatic hydroxylations and can also be applied to the
hydroxylation of naphthalenes due to its larger pores. 1-Naphthol and 2-methyl-naphthalene were

taken as model compounds to demonstrate the activity of Al-free Ti-beta for this type of reaction.
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Chapter 1

Introduction

1.1 Oxidations in the synthesis of fine chemicals

Heterogeneous catalytic reactions for selective oxidation of hydrocarbons occupy a prominent place
in both the science of catalysis and catalysis-based modern chemical industry. They represent major
routes for functionalisation of hydrocarbon molecules. More than 20% of industrial organic chem-
icals are obtained by catalytic oxidation or ammoxidation of hydrocarbons [Shanani et al. (1996)].
Today catalytic oxidation is one of the largest industrial scale operations for the production of inter-
mediates, pharmaceuticals and fine chemicals and the basis of the production of almost all monomers

used in the manufacture of synthetic fibres, plastics, paints, adhesives etc. (see Table 1.1). While

Table 1.1: Industrial chemicals produced by hydrocarbon oxidation in 1996 [Shanani et al. (1996)]

] Chemical 11.S. capacity (million ton/year)
Acetaldehyde 0.23
Acrylonitrile 1.38
1,4-Butanediol 0.31
Caprolactam 0.65

Ethylene oxide 3.52

Maleic anhydride 0.24

Phenol 1.89

Phthalic anhydride 0.47

Propylene oxide 1.75
Tergphthalic acid/dimethyl terephthalate 3.53
Viny! acetate 1.32

Vinyl chloride 5.86

Table 1.1 highlights the importance of catalytic oxidation processes in the chemical industry in gen-

eral, one of the most interesting areas is fine chemicals production, where oxidations play an equally
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CHAPTER 1. INTRODUCTION

important role. Due to the generally higher profit margins in the synthesis of fine chemicals, inter-
mediates or pharmaceuticals, many chemical companies have increased their activities and research

efforts in this araa.

1.2 General catalytic process options

The focus of this work is heterogeneously catalyzed liquid-phase oxidations as highlighted in Figure
1.1, which shows the general process options for catalytic hydrocarbon oxidation reactions. The pro-

STOCHIOMETRIC

GAS PHASE

i
HOMOGE

SUPPORTED CATALYSTS

Figure 1.1: Catalytic process options for fine chemicals production [Sheldon and Dakka (1994)]

cess of choice, if possible, will always be a gas-phase oxidation using oxygen or air as the oxidant.
Oxygen and air are inexpensive and the process can be run continuously, allowing large-scale pro-
duction. However, since dioxygen has a triplet ground state, reactions with most organic molecules
are spin-forbidden and exhibit high activation encrgies, consequently requiring relatively high reac-
tion temperatures [Sheldon (1990)].

The term “fine chemicals” is not always precisely defined, but it usually refers to compounds

that have:
+ arelatively high molecular weight and thus
* arelatively high boiling point
» multiple fgnctionalities (especially intermediates for pharmaceuticals etc.)
* limited thermal stability

Due to the above properties it is clear that the application of gas-phase processes using air/Os re-
quiring high temperatures is generally not favoured for the synthesis of fine chemicals. Furthermore,
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1.3. Environmentsl impact of fine chemicals production

since fine chiemicals are often produced in baich processes and have high value, a high selectivity
is more important than a high activity in the process. The use of dioxygen (or air) as the oxidant in
gas-phase oxidations always implies that side reactions such as total oxidation to water and carbon
dioxide (the|thermodynamically favoured products) lower the selectivity of the process. Dioxygen
generally shows little chemo- or regioselectivity in its reactions with organic substrates and the pri-
mary oxidation products are more easily oxidised than the hydrocarbon substrate.

In liguid-phase oxidations, a range of (more selective) oxidants can be used. The reaction con-
ditions are generally relatively mild. Traditionally, selective liquid-phase oxidations for high-value
products is done using stochiometric quantities of the oxidants (e.g. CrO3, KMnOy or KoCryOy)
that are simply added to the reaction mixture. Since these processes involve the production of large
amounts of byproducts with associated undesirable economic and environmental effects, the devel-
opment of ngw, catalytic processes is preferred.

To achieve the required highly selective catalytic transfer of oxygen from the oxidant to the
substrate, a transition metal and an oxidant other than O is needed. To date, homogeneous catalysis
has dominated liquid-phase catalytic oxidations. The catalysts used are soluble transition metal
complexes, with which high turnover numbers can be achieved. However, the disadvantage of a
homogeneous process is obvious, since catalyst recovery is often not feasible or not economically
viable. The catalyst ultimately remains associated with the product or is lost in waste or by-products,
which is not only a cost factor but also of environmental concern, since transition metal complexes

are expensive and often toxic. Heterogeneous catalysis offers the advantage of regenerability of the

catalyst, which also saves costs on purification and separation of the desired products.

1.3 Environmental impact of fine chemicals production

Fine chemicals are produced on a scale orders of magnitude lower than bulk and intermediate chem-
icals (see Table 1.2). Due to the often complicated and multi-step synthesis procedures. a batch
process is generally used. As Table 1.2 shows, fine chemicals production involves the generation of
large amounts of by-products per kg product. Although the total amount of by-products produced
is smaller in/fine chemicals than in bulk due to smaller annual tonnage, the nature of the by-product
has to be taken into account. By-products from fine chemicals production are often toxic and envi-
ronmentally harmful, which has been described by a high environmental quotient” (EQ) by Sheldon
and Dakka (1994),

The profit margin in fine chemicals production is high and thus, until recently, little attention has
been paid to minimisation of environmentally harmful by-products. However, due to increasingly
strict regulations on the chemical industry in Europe and the United States, there is a demand for

cleaner processes which is finally impacting on the fine chemicals industry. The trend towards more
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CHAPTER 1. INTRODUCTION

environmentally friendly processes is also reflected in research. In the literature, many articles on
more environmentally friendly chemistry have been published during the past few years. The recent
appearance of the journal “Green Chemistry”, which is devoted 10 more environmentally friendly

processes/synthesis, reflects the importance of this area of research.

Table 1.2: Scal‘e and by-product generation of industrial chemicals production [Sheldon (1997)]

 Industry segment | U. S. annual tonnage (1996) | kg by-product / kg product |  EQ

bulk chemicals 10%-10° <1 low

fine chemicals 10%-10* 5-50 high
pharmaceuticals 10 - 10° 25->100 very high

1.4 Scope of this thesis

In the preceding paragraphs, the importance of cleaner, heterogeneously catalyzed hydrocarbon ox-
idations for fine chemical production has been highlighted.

In the past decade, numerous publications have appeared in the area of heterogencous catalytic
hydrocarbon oxidation with both O, and peroxides as the oxidant. The immobilisation of transition
metals, traditionally used as soluble complexes in homogeneous catalysis, increases the catalyst
stability and enaples the recovery and regeneration of the catalyst. Thus, this approach becomes
more and more interesting for industrial applications and has attracted great attention from research
groups all over the world,

The discovery of TS-1, the titanium-substituted analogue of ZSM-5, by Enichem researchers
in ltaly opened dp a whole new area of research. Due to its remarkable catalytic properties, TS-
1 was soon followed by the invention of a number of new redox miolecular sieves with potential
applications for many useful oxidation reactions.

However, despite the discovery of more and more promising new materials, various aspects of the
catalyzed oxidation reactions are not fully understood. Even for the phenol hydroxylation over TS-1,
a reaction carried out in an industrial production plant since 1986 [Clerici (1991), Clerici (1993)]
(and to date the only industrial application of redox zeolites), many details such as the reaction
mechanism, are not reported in literature.

In this work| aromatic hydroxylations over titanium-substituted molecular sieves were thor-

oughly studied tp gain a deeper understanding of the mechanism(s) governing activity and selec-

tivity.
Attention was paid to engineering aspects such as selective adsorption and transport phenom-
ena. Intracrystalline diffusivities and kinetic and adsorption constants were determined to evaluate

catalyst effectiveness factors for sclected reactions. The presence of shape selectivity effects in the
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1.4. Scope of this thesis

zeolite channels and the influence of the external surface of the zeolite was systematically investi-
gated. For this purpose, the catalytic properties of titanium silicates with different pore sizes (TS-1,
Al-free Ti-beta and Ti-HMS) were compared. The pronounced solvent effects observed in aromatic
hydroxylations over titanium-substituted zeolites were examined and a reaction mechanism consis-
tent with the measured data was proposed.

For a recently discovered material, aluminium-free zeolite titanium beta, the catalytic properties
for the hydroxylation of mono-substituted aromatics, not yet reported in literature, were explored.
As a potential industrial application for this novel material, the hydroxylation of naphthalenes with

Al-free Ti-beta was investigated.



Chapter 2

Literature review

2.1 Heterogeneous catalysis for liquid-phase fine chemicals syn-

thesis

To selectively transfer the oxygen to the substrate, the presence of a transition metal is required.
The transition metal containing catalyst first reacts with the oxidant to form the active species which
then oxidises the substrate; re-oxidation of the catalyst occurs and the catalytic cycle is closed. A

schematic drawing of the catalytic cycle is shown in Figure 2.1. For the process to be heteroge-

Active oxygen-cat, R
species
y N 1 RH
X R
([))\ ; R-OH
Oxygen source ’
Catalyst OH
H20,,
ROOH, Immobilised metal
RCOOOH, complexes,
NaClQO,... Redox zeolites,...

Figure 2.1: Catalytic cycle for partial oxidation reactions [Moro-oka (1998}



2.}, Heterogeneous catalysis for liquid-phase fine chemicals synthesis

neously catalyzed, the transition metal has to be immobilised. Principally, this immobilisation can

be achieved in several ways:

« Occlusion of transition metal compléxes in a polymer, such as polydimethylsiloxane (PDMS)
via a sol-gel process; immobilisation is achieved via physical entrapment in the host network
[Langhendries {(1999), Neys et al. (1997)};

» Association of the transition metal with dendrimers which are large enough to be separated

from the reaction mixture [Kimura et al. (1999)};

 Dissolution of transition metal complexes in a (non-volatile) solvent immiscible with the
reagents [Wan and Davis (1994)];

* lon-exchange of soluble transition-metal complexes on resins [Sheldon (1990}];

« *Ship-in-a-bottle’ catalysts, where tfansition metal complexes are synthesised from transition
metal ions and ligands inside zeolite cavities [Parton et al. (1991), Schulz-Ekioff and Ernst
(1999)];

* Supported transition metal oxides [Clerici (1993), Aiken 11 and Finke (1999)];

» Immobilisation of transition metals (or transition metal complexes) on zeolitic supports (gen-

erally referred to as redox molecular sieves).

A major recurrent problem with all varieties of immobilisations is leaching of the transition metal.

lon-exchange based methods in particula
leached into solution unless the reaction medium is completely non-polar. The same applies for
transition metal oxides on supports; the transition metal rapidly dissolves in the reaction medium
especially in the presence of polar solvents. A similar problem is encountered if the transition metal
(as ion or complex) is dissolved in a second solvent which is immiscible with the reactants since
there will always be a certain degree of exchange between the two phases.

Organic or hybrid polymers seem to be a quite stable environment for the occlusion of transition
metal complexes. However, if polar solvents are present, the polymer matrix can swell and the
transition metal is leached more easily. Another disadvantage can be mass transfer resistances within
the polymer [Langhendries (1999)].

In the past years, significant progress has been made in the synthesis of dendrimers, and macro-
molecular dendrimers with associated transition metals of a micrometer scale have been synthesised.
Although these dendrimers are potentially large enough to be filtered from the reaction medium, they

are very expensive and oxidative degeneration of the dendrimer structure is a problem.
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"Ship-in-a-bottle’ catalysts have also received significant attention in recent years, Transition
metal complexes such as ijonphthalocyanines, synthesised in zeolite cavities such as zeolite Y su-
percages, offer a truly heterogeneous oxidation catalyst. The metal complex is too bulky to diffuse
through the zeolite channels and is thus physically entrapped in the zeolite matrix. Although hetero-
geneity of these catalysts has been proven, the major problem is degradation of the complex ligands
and thus instability of the transition metal complex [Sheldon et al. (1998b)].

A general problem with all immobilisation methods using complexes of transition metals is the
regeneration of the deactivated catalyst. Deactivation during oxidation reactions occurs through
formation of undesired high-molecular weight side products (polymers or tars) at or near the active
sites. Due to the limited thermal stability of the complexes, simply heating the catalyst in air and
combustion of the tars is npt possible, and hence regeneration to restore the initial activity can be
difficult.

A way to ensure both easy thermal regeneration of the catalyst and convincing stability towards
leaching of the transition metal is to chemically bind the transition metal to an inorganic matrix. The

inorganic matrix can be an amorphous oxide or have a regular structure like zeolites. The latter type

of catalysts is generally referred to as redox molecular sieves.

2.1.1 The choice of the catalyst - redox molecular sieves

Zeolites not only offer the advantage of great thermal stability and thus facile regenerability, they
also have a well-defined pare system that is able to discriminate between organic molecules with a
precision of less than 1 A, which is why they are also called molecular sieves. Due to the uniform

size distribution of their micropores in which most of the reactive centres are located, zeolites can

offer more selective reaction pathways. Shape selectivity effects can be divided into three categories:

» reactant shape selectivity: the zeolite excludes reactants that are too bulky from entering its

pore structure

« product shape selectivity: the reaction equilibrium inside the zeolite pores is shifted towards

the product(s) with the smallest kinetic diameter, which can then diffuse out of the channels

s transition-state shape selectivity: transition-states requiring more space than available in the

channels are prevented

In oxidation chemistry, reactions are generally irreversible and product shape selectivity effects are
therefore not observed. In fine chemicals synthesis, relatively pure feedstocks are usually applied, so
that reactant shape selectivity is also not a major factor. Transition-state shape selectivity thus offers
the greatest potential for zeolite-based oxidation catalysts; undesired consecutive reactions can be

R
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prevented and the reaction can be driven towards the path with the least space-demanding transition
state,

Generally, zeolites are defined as crystalline microporous solids, whose framework consists
mainly of interconnecting M( tetrahedra. (Si0,),, is the main building unit of silica-based zeolitic
materials, but a proportion of| the silicon{IV} can be replaced by other metal ions. The best known
examples are the aluminosilicates, where the Si/Al ratio can in principle range from | to infinity.
Related to such materials are the microporous and mesoporous aluminophosphates (AIPO’s) which
consist of alternating AlO4- and POy-tetrahedra. For both classes of zeolitic materials, isomorphous
substitution of transition (‘redox’) metals into the framework is possible; in this case, the term redox
molecular sieve’ was suggested [Sheldon et al. (1998b}].

Figure 2.2 shows the building units, chemical composition and framework characteristics of re-

dox molecular sieves. Apart|from the chemical composition, the framework topology of (redox)
Framework building o I —
components: | PHOSPHATE ALUMINA |
Molecular sieves:  [APOS |  [sAPOS| | ZBOLITES
| TRANSITION METAL |
1 ¥ ]
Redox REDOX REDOX | REDOX
molecular sieves: © MAPOS MAPSOS l ZEOLITES
TAPO TAPSO, etic.  Ti-ZSM-5
Examples:  VAPO ALTi-B
CrAPO, etc. Cr,Al-f, etc. VS~1, CRS~1, etc.
Framework charge: neutral negative negative 'A neatral
Framework type:  hydrophilic  hydrophilic hydrophilic hydrephobic
fon exchange: no yes yes no
Acid sites: no yes yes 0o

Figure 2.2: Composition of redox molecular sieves [Sheldon et al. (1998b)]

zeolites is an important characteristic. Zeolite topologies are categorised on the basis of their pore
diameters into small pore (< 0.4 nm), medium pore (0.4-0.6 nm), large pore (0.6-0.8 nm), extralarge
pore (0.8-1.4 nm) and mesoporous {1.5-10 nm). The pore system can be one-, two- and three-
dimensional, which can significantly influence the accessibility of the active sites as multidimen-
sional pore systems offer alternative diffusion paths. Generally, zeolitic materials have a hydrophilic
framework, Their framework charge (generated by the MO, tetrahedra with non-tetravalent metal

ions) is compensated by the presence of countercations. The only exceptions are silicalites, highly
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siliceous materials where either only a small fraction of the silicon(IV) is substituted or the isomor-
phously substituted ion is also tetrllvalent. A comprehensive review on titanium-substituted zeolites
was given by Notari (1996).

The attention in this work will L@ focused on redox silicalites as highlighted in Figure 2.2, since
these materials possess the most interesting properties such as a hydrophobic framework. The ad-
vantage of a hydrophobic framework is the preferential adsorption of non-polar organic compounds
and the exclusion of polar compounds such as water or polar solvents, which renders these materials
particularly stable towards leaching. The synthesis of transition-metal incorporated silicates (and

other redox zeolites) can be done in various ways which are described below.

2.1.1.1 Post-synthesis modifications

A number of post-synthesis modifications, where the transition metal is infroduced into the lattice
after zeolite synthesis, have been reported. Post-synthesis modification methods have the advantage
that the redox molecular sieve can be prepared from commercially available materials. This can be

achieved in different ways:

’Ship-in-a-bottle’ catalysts These catalysts have transition metal complexes entrapped in zeolite
cavities. A number of complexes with various ligands (phthalocyanines, polypyridines, aromatic
Schiff bases, etc.) have been synthesised in zeolites (which must have supercages like zeolite X or
Y) and although some exhibit remarkably high catalytic activity, their stability is sometimes a matter

of debate. The problem of deactivation and regeneration usually limits the catalyst lifetime.

fon exchange As Figure 2.2 shows, a number of zeolites have ion-exchange propertics. The coun-
terbalancing cations can be exchanged with transition metal ions, thereby achieving redox function-
alisation of molecular sieves. Ion exchange in aqueous solutions as well as solid-state ion exchange

have been reported. However, the

stability in polar solvents will be low.

Grafting and tethering The principle of these two methods is to create a chemical bond between
the zeolite lattice and the transition metal.

In the case of grafting, reactive transition metal compounds (such as MeCl,; or Me(OR),) are
chemically bonded to defect (SiOH) sites in the zeolite framework. The process can be carried out in
the gas phase using chemical vapour deposition (CVD) or in the liquid-phase [Rigutto et al. (1994),
Reddy and Sayari (1995), Di Renzo et al. (2000)]. The required defect sites are always present in

zeolites, but can also be generated, e.g by dealumination of aluminosilicates or steaming (generation
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of “silanol-nests’). Afier reaction with the transition metal compound, the zeolite is usually calcined
and thus functionalised with a redox metal oxide chemically bonded to its lattice.

Tethering follows the same principle, except that the silanol groups are first reacted with a
*spacer’ (a reactive bifunctional organic compound), to which the transition metal is subsequently
bound. The main application of this method is the immobilisation of transition metal complexes on
zeolitic materials via a chemical bond (e.g. the covalent attachment of Mn-triazacyclononanes to
mesoporous silicates [Sheldon et al. (1998b)]).

The advantage of grafting and tethering methods is that a great variety of transition metals or
transition metal complexes Ean be attached via a covalent bond to zeolite frameworks; the choice of
transition metals suitable for incorporation via direct hydrothermal synthesis is more limited. How-
ever, grafting and tethering is rather based on anchoring of the transition metal species to framework
defect sites; a disadvantags of these methods could be the deposition of TiO; or an imperfect in-
corporation of Ti. The isomorphous substitution via hydrothermal synthesis ideally offers a perfect
incorporation of the transition metal as MeQy tetrahedra and should provide a more stable environ-

ment.

2.1.1.2 Framework substitution via hydrothermal synthesis

Molecular sieves are generally crystallised from aqueous gels containing a source of the framework
building clements (Al, Si, P, see Figure 2.2), a mineraliser (OH™, F™) that regulates dissolution and
condensation during the crystallisation, and a structure-directing template (organic amines or ammo-
nium salts). These gels are then crystallised in autoclaves at temperatures between 80 and 200°C un-
der autogeneous pressure for times varying from several hours to weeks. The synthesised material is
subsequently calcined at ca.| 500°C to destructively remove the template. Redox molecular sieves are
similarly prepared by addillon of redox metal salts or alkoxides during the crystallisation process,
producing framework substituted redox metal sites.

However, for true framf#work substitution the transition metal should be able to adopt a tetrahe-

dral coordination by oxygen atoms and it should fit in the lattice. The latter condition is only fulfilled
if the ratio of the radii of the metal cation and the oxygen anion is between 0.225 and 0.414. Thus,
the ion radius and coordination limits the number of transition metals that can be isomorphously sub-
stituted into zeolite frameworks during hydrothermal synthesis. Principally, these conditions are met
by group Ila - VIla transition metals and many of these metals (e.g. titanium, vanadium, chromium,
germanium, tin and zirconium) have been incorporated into zeolite frameworks, mainly in the MFI
structure. An important prerequisite for isomorphous framework substitution is the complete isola-
tion of the transition metal sites. Neighbouring transition metal centres lead to di- or oligomerisation

and a separate (MO.),,-phase is formed. Such p-oxo-oligomers are catalytically inactive or, in the
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worst case, may catalyzd the decomposition of the oxidant.

In the past years, spectroscopic methods have been refined to identify these phase impurities in
redox zeolites and in some cases it has been proven that the transition metal was not isomorphously
substituted in the zeolite framework. To date convincing proof of true incorporation with sufficient

characterisation data has only been given for titanium and vanadium substituted zeolites.

2.1.2 The choice of the oxidant

For the production of fine chemicals or pharmaceuticals, the use of Oy/air 1s often not possible as
pointed out earlier. Thus, an alternative, more selective oxygen source has to be used. Table 2.1

shows potential oxidants for transition metal catalyzed, liquid-phase hydrocarbon oxidations. The

Table 2.1: Oxygen donors for fine chemicals oxidation reactions [Sheldon and Dakka (1994))
| Oxygen donor | Active oxygen (wt-%) | By-product
HyOy 47 HeO
N,O 36.4 Ny
O3 33.3 Oy
t-BuGOH 17.8 t-BuOH
CH3CO3H 21 CH3CO,H
NaClOy 356 NaCl
NaClO 216 NaCl
NaBrO 134 NaBr
KHSO; 10.5 KHSOy
NaIO4 10 Nal 03
HNO, 25.4 HNO,
PhiO 7.3 Phl

comparison of various otidants shown in Table 2.1 clearly demonstrates why hydrogen peroxide (in

aqueous solution) is the preferred oxidant. The major advantages of HoO, are:

+ the highest active oxygen conient with respect to the weight of the oxidant
« the only by-product is water, thus making it very environmentally friendly
» agoeous HyO, solutions are stable, easy and safe to handle

» it is readily avatlable and the world market price is expected to decline

In particular, environmental considerations have focused the attention on aqueous H,0, solutions
as the oxidant of choice in liquid-phase oxidations. This underlines a world-wide trend towards

‘greener’ chemistry. However, the current method for industrial production of hydrogen peroxide
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Figure 2.3: HyO, production via anthraguinone route [Hess (1995)]

must be taken into consideration. The major route towards H,O, production is via the anthraquinone
process [Hess (1995)], shown in Figure 2.3. Substituted anthraquinones are first hydrogenated to
their respective dihydroanthraquinones. Subsequently, in a separate reactor, re-oxidation with oxy-
gen to the anthraquinones takes place, generating H,O,. Although the anthraquinone is continuously
recycled, a part of it i lost in the process through oxidative degradation. These degradation prod-
ucts have to be removed in purification steps, rendering it a relatively energy-intensive and overall
not-so-green process,

Recently, however, new processes have been developed to form HyO, directly from O, and Hy
using noble metal catdlysts. This is a promising route to environmentally friendly H2O, production,
although the engineering of this process is still a major challenge due to the large explosion limits of
Hy/Og mixtures. A recent example was presented by Hancu and Beckmann (2001), where the direct
generation of hydrogen peroxide from Ho/O, (outside the explosion limits) with CO; as the solvent
is described. Additionally, the cost of transport has to be taken into account. Hydrogen peroxide
is generally available as a 30% - 50% solution in water, so that major amounts of water have to
be transported with the oxidant. To make oxidation processes using HoO, economically viable, an
on-site production in g separate plant is often necessary.

It must also be noted that the by-products from organic oxidants, such as tert-butylhydroperoxide
(TBHP) and amine oxides, are recycled via reaction with hydrogen peroxide. Thus, the by-product
of the overall process is also water, but one extra chemical step (with potential losses) is required to
regenerate the organic oxidant.

This work is focused on the use of aqueous solutions of hydrogen peroxide as the oxidant; to
clarify details about the reaction mechanism, TBHP is occasionally used for comparison. The nature

of the active catalyst-oxygen species has to be taken into consideration when the reaction mechanism
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of a catalyzed liquid-phase|oxidation reaction is studied. The transition metal site can principally
form three types of active species which then initiate different reaction pathways. The active species
and reaction pathways are shown in Figure 2.4 (where M represents the transition metal and S the
substrate). The generation of radicals as shown in scheme 1 of Figure 2.4 is generally undesired

1. Radical pathway
ROOH + M™ — = RO +« wWOH

ROOH » M® —— ROO + WM™ 4+ W'

2. Oxovrnetaf pathway

-

YL —oon———»ﬁx’”’«—-———»so\vm“
0

3. Peroxometal pathway

4+ H'-ROH
l ,,
YL #-ocm s T —— s0 + mror

Figure 2.4: Mechanism of catalytic oxygen transfer by transition metals in the liquid phase [Sheldon
(1997)]

since free-radical chemistry does not usually show the necessary selective oxygen transfer and side
reactions become important, Thus, the active oxidant in the catalytic oxygen transfer process should
be an oxometal or a peroxometal species, Early transition metals (Ti, Zr, Mo, W) react via perox-
ometal intermediates and late and first row transition metals (Cr, Mn, Fe) form oxometal species.
Some metals, ¢.g. vanadium, react via both pathways depending on the reaction conditions. One
major difference between the two pathways is that in the peroxometal pathway there is no change
in oxidation state of the transition metal during reaction: the transition metal acts purely as a Lewis

acid (for titanium see [Bittar and Kalinguine (1992)]) and increases the oxidising pow

&

oxo group. In contrast, the metal undergoes reduction and subsequent re-oxidation by the oxidant in

the oxometal pathway.

2.1.3 The problem of leaching - is it really heterogeneous catalysis?

Leaching of the immobilised transition metal from the catalyst is one of the biggest problems of

heterogeneous oxidation catalysis in the liguid phase. With the discovery of many new redox-

14



2.2, Titanium-containing molccular sieves

functionalised materials in the past years, characterisation methods have improved and the nature
and environment of the redox sites in zj}litic materials is better understood, However, the ultimate
test for their potential is a catalytic experiment with an adequate proof for leaching stability. Al-
though stability is one of the most important conditions for industrial utility, this aspect has often
been neglected in literature reports,

If leaching of the metal occurs, it may or may not be an active homogeneous catalyst in the
solution. Filtration of the reaction mixture at reaction temperature was suggested by Sheldon er af.
[Sheldon (1997), Sheldon et al. (1998a), Sheldon et al. (1998b)]: if the reaction continues in the
filtrate, leaching has taken place and the transition metal is active as a homogencous catalyst. An
example of this type of leaching was found in reactions with chromium-substituted molecular sieves
{CrAPO-5 and CrS-1) by Sheldon et al. |(1998b), where leached chromium catalyzed the reactions
homogencously.

A second test for leaching involves testing the filtered, regenerated catalyst in further reaction
cycles. If leaching has occurred and the fransition metal is not an active homogeneous catalyst, the
activity of the catalyst in consecutive rgaction cycles should decline. Both tests accompanied by
a physico~chemical characterisation of fresh and recycled catalyst are necessary to prove leaching
stability. However, slow but practically| insignificant leaching that is difficult to detect with most
batch methods cannot be excluded and Iingevity tests will have also have to be performed.

2.2 Titanium-containing molecular sieves

The only cases where extensive testing and characterisation have proved that a redox zeolite is stable
towards leaching is TS-1 and certain othi titantum-substituted molecular sieves. Since titanium(IV)
is a poor homogeneous catalyst and recycling experiments showed that the initial catalyst activity
could be restored even after many reaction cycles, it can be assumed that liquid-phase oxidation
reactions catalyzed by titanium-substituted zeolites are truly heterogeneous in nature.

On the basis of the numerous reports about the leaching stability of the titanium redox zeolites
used in this work, no extensive leaching tests have been conducted. However, significant leaching
was reported in the case of mesoporous titamum-substituted silicates when 30% Ho0, was used
as the oxidant [Chen et al. (1997)]. Thus, results obtained from catalytic runs with mesoporous

titanosilicates using aqueous hydrogen peroxide have to be interpreted with care.

2.2.1 Titanium silicalite-1 (TS-1)

Based on the well-known activity of titanium-based catalysts for the oxidation of organic com-

pounds, the first process using a heterogeneous titanium catalyst was patented in 1971 for Shell Oil
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ulff (1971)]. The developed catalyst was a Ti0O-Si0; mixed oxide and the catalyst is still in in-

dustrial use for the epoxidation of propylene with organic hydroperoxides. Amorphous titania-silica

ixed oxides generally show good activities and selectivities for the epoxidation of alkenes as long

as organic hydroperoxides are used. 1n the presence of water, however, rapid deactivation takes place

and thus hydrogen peroxide cannot be used with this class of catalysts. Furthermore, these catalysts
did not show good results for other selective organic oxidation reactions.

In 1983, researchers at Enichem [Taramasso and Perego (1983)] in ltaly succeeded in synthe-
sising TS-1, a catalyst with the MFI structure containing only silica and titanium. The remarkable
catalytic potential of this new material soon became apparent and numerous publications dealt with
the exploration of the catalytic properties of TS-1. However, initially, the good results obtained
by the ENI group could not be reproduced by other research groups. It was later confirmed that

e synthesis procedure is crucial; phase-impurities (mainly TiO; as anatase) due to poor titanium

incorporation can be generated if certain conditions are not fulfilled.

nthesis of TS-1 TS-1 and other titanium-substituted zeolites seem to be particularly sensitive
to the presence of (TiO,),-oligomers as they clearly show inferior catalytic properties if the latter
are present. Ti0O, impurities are formed through hydrolysis and oligomerisation of the titanium
spurce during its addition to the synthesis gel and in many publications, several reliable synthesis
procedures have now been identified [Martens et al. (1993), Notari (1991), Thangaraj et al. (1992),
Tuel (1998), Tuct and Ben Taarit (1994a)].

In a number of publications is was found that better incorporation can be achieved at low titanium

(2]

pntents; an upper limit for isomorphous titanium substitution of around 2.3 titanium atoms per unit

e

cll has repeatedly been reported.
Another key factor is the purity of the reagents. TS-1 can be obtained from a vaniety of silica-

oo

nd titanium-sources with good results [Tuel and Ben Taarit (1994a)], but the structure~directing

&

:mplate, tetrapropyl ammonium hydroxide (TPAOH), has to be of a very high purity, Exclusion

o

{ alkali ions (Na*and K7} is crucial as their presence in the template results in TS-1 samples
ith poor catalytic properties, even though spectroscopic characterisation methods indicate a highly

W
pure material. It has been shown that alkali cations poison the titanium sites since the catalytic
performance of TS-1 decreases as a function of the content of alkali metal cations in the synthesis
gel [van der Pol and van Hooff (1992), Thangaraj et al. (1992)].
The crystallite dimensions also influence the catalytic performance. Crystallites larger than 0.2 -
013 um show lower reaction rates and selectivities due to mass transfer limitations [van der Pol et al.
(19923]; this aspect is further investigated in this work.
Last but not least, the agglomeration of the crystallites is a very important point for industrial
¢ as agglomerates of at least 20 - 30 um are required for industrial use. After imitial problems
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in obtaining agglomerates of sufficient mechanical stability, a solution has been found with the
formation of thin silica layers coating the crystallites {Clerici (1991)]. A template-silicalite solution
was used to disperse the TS-1 crystallites and subsequent spray-drying and calcination resuited in

mechanically stable agglomerates.

Structure of TS-1  TS-1 has a two-dimensional pore structure consisting 0f 0.56>0.53 nm straight
{[010] direction) and 0.55x0.51 nm sinusoidal channels ([100] direction). Figure 2.5 shows the
structure and pore opening of TS-1 in the [010] direction of the straight channels.

Figure 2.5: Pore structure and -opening of TS-1 in [010] direction

Characterisation of TS-1 After it was established that the quality of a TS-1 batch can vary sig-
nificantly due to the many pitfalls in the synthesis procedures, much research effort went into the
characterisation of TS-1. To date, dozens of publications have dealt with the evaluation of various
physico-chemical and spectroscopic methods to characterise TS-1, All the techniques described in
this paragra;;j also apply for other titanium-containing molecular sieves.

The strucu}!re and the degree of crystallinity of molecular sieves can conveniently be determined

by X-ray diffraction. However, phase-impurities in the form of TiOs-clusters are usually of nano-
scale size and thus X-ray amorphous. X-ray diffraction has been used as an alternative method to
determine the (incorporated) titanium content of the zeolite by determining the unit cell volume,
although the accuracy is limited [Millini et al. (1992)]. A linear increase of the unit cell volume

with titanium content was found (duc to the larger diameter of incorporated Ti*™). Determination
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of the microporous (and mesoporous) volume using BET measurements give further information
about the crystallinity and morphology of the catalyst. SEM and/or TEM pictures of the catalyst are
widely used to gain information about the crystal size distribution and agglomeration of the catalyst
crystallites and results can be compared to those of various other techniques to determine the crystal
size. EDX or XPS analysis is used to confirm the homogeneous dispersion of Ti throughout the
sample; for TS-1, a very homogeneous titanium dispersion has consistently been reported in the
literature [Duprey et al. (1997)].

However, the above mentioned methods vield no information about the state of the titanium in the
silicalite framework, which proved to be an important point for the catalytic properties of these ma-
terials. It was discovered that titanium-containing zeolites exhibit a characteristic band at 960 cm™*
in IR spectroscopy, which was first assigned to Ti=0 or Ti-O vibrations. Afier the same band was
later found in all-silica zeolites, it was reassigned to a stretching vibration of polarised Si-O™ groups,
caused either by defects or by the presence of neighbouring Ti** [Camblor et al. (1993)]. Winkhofer
et al. (1994) found the same 960 cm™' IR band in the characterisation of titanasilanesquioxanes,
compounds that only contained Ti-O-Si bonds and assigned the band to a Ti-O-Si stretching. 1t is
still debatable whether the presence of the band is a real proof for titanium incorporation; its absence
however confirms that titanium has not been incorporated into the framework. Raman spectroscopy
proved to be a more sensitive tool to detect extraframework titanium and a characteristic band at 144
em™! was assigned to the presence of anatase [Deo et al. (1993}]. However, the most powertful tool
for characterising titanium incorporation is diffuse reflectance UV-VIS spectroscopy. This technique
proved to be very sensitive to the presence of even minor amounts of anatase. Major amounts of TiO,
in the form of anatase show strong absorption at wavelengths above 370 nm, minor amounts of Ti
oxides may yield absorption shoulders down to 250-270 nm; the absence of absorption these regions
thus confirms the phase-purity of the sample. Furthermore, the coordination of the incorporated tita-
nium can be determined and a number of studies confirmed that tetrahedrally coordinated titanium is
present in various titanium-containing molecular sieves. An absorption band at &~ 210 nm indicates
the presence tetracoordinated titanium, whereas an absorption at around 240 nm is responsible for
penta- or hexacoordinated titanium. When major amounts of non-tetrahedrally coordinated titanium
species were present in freshly calcined, dehydrated materials, inferior catalytic performances were
observed. It was also discovered that the titanium changes coordination upon adsorption of certain
polar compounds such as water and alcohols and upon reaction with hydrogen peroxide. The change
to higher coordination was explained by a hydrolysis of one or two Ti-O-Si bonds, which is, in the
case of TS-1, reversible since the original tetrahedral coordination can be restored through calcina-
tion. X-ray absorption spectroscopy (XANES-EXAFS) has been used more recently to identify the
geometry and coordination of Ti in titanium silicalites [Bordiga et al. {1994b)], and an increase of

titanium coordination to five or six upon adsorption of ammonia and water has also been reported
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‘[Bolis et al. (1999)].
The exact nature of the titanium active site is still a matter of debate and will be discussed later

as this 1s an important factot in the development of a reaction mechanism.

Catalytic properties of TS41  As demonstrated above, care must be taken during synthesis, and the
synthesised sample has to be characterised extensively especially for titanium incorporation. How-
ever, the ultimate proof for the quality of a synthesised catalyst is a catalytic experiment. The hydrox-
ylation of phenol, extensively studied in this work, seems fo be particularly sensitive to impurities
in TS-1 and was suggested as a reliable test reaction for the quality of TS-1 samples by Kraushaar-
Czarnetzki and van Hooff (1989). The catalytic propertics of TS-1 and the other titanium-substituted

molecular sieves are discussed in detail in section 2.3.

2.2.2 Zeolite titanium beta

Although TS-1 was certainly a milestone in heterogeneous oxidation catalysis, its medium-size pores
restrict its use to relatively small molecules such as linear or simple branched hydrocarbon chains,
or aromatics with small substituents. Larger molecules either cannot enter or their mass transfer
through the pore system becomes too slow. Therefore, a larger-pore titanium containing zeolite is
of great interest to open the arca of heterogencous oxidation catalysis with aqueous HoO to more
bulky organic molecules. Another advantage is the possibility of using tert-butyl hydroperoxide as

an alternative oxidant; the medium-pore TS-1 is completely inactive with the latter,

Structure of Ti-beta An obvious candidate for a large-pore titanium-substituted molecular sieve
is zeolite beta, having a three-dimensional framework and pore openings of 0.76x0.64 nm ([100]
direction) and 0.55x0.55 nm ([010] direction). Figure 2.6 shows the structure and pore opening of
zeolite beta in the [100] direction (straight channels).

Synthesis of aluminium-free zeolite Titanium beta To ensure complete titanium incorporation,
similar prerequisites apply for the synthesis of zeolite titanium beta as for TS-1. However, despite
repeated attempts in many research groups, Ti-beta could only be crystallised in the presence of
aluminium [Corma et al. (1996b), Blasco et al. (1993)]. The simultaneous presence of titanium and
aluminium not only lowers the amount of titanium that can be incorporated in the zeolite framework,
but also creates a bifunctional catalyst. The Brensted acidity generated by framework aluminium
sites can cause undesirable side reactions such as the ring-opening of epoxides to glycols after their
formation at titanium sites [ Trong On et al. (1996), Kapoor et al. (1997)]. Additionally, it renders the

framework more hydrophilic which results in preferential adsorption of polar solvents or water and
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Figure 2.6: Schematic diagram of the BEA structure and pore opening in [100] direction

increases peroxide decomposition. Recently, the synthesis of aluminium-free Ti-beta was finally
achicved [Blasco et al. (1998), van der Waal et al. (1998a), Dartt and Davis (1996)], and it was
confirmed that a highly hydrophobic, stable material could be obtained [Blasco et al. (1998)].

Catalytic properties of aluminium-free Ti-beta The excellent catalytic properties for this novel
material have been demonstrated for the epoxidation of olefins; bulky olefins could be epoxidised
with both tert-butyl hydroperoxide and aqueous HoO, as the oxidant [Blasco ct al. (1998), van der
Waal et al. (1998b), van der Waal and van Bekkum (1997)]. In the case of epoxidation reactions,
acid-catalyzed ring-opening of epoxides was minimised and higher epoxide yields were achieved.
However, no literature reports on the catalytic activity of Al-free Ti-beta in aromatic hydroxylation
reactions are available. The application of Al-free Ti-beta for aromatic hydroxylations was evaluated
in this work and the selectivitics obtained were compared to TS-1. Both materials were synthesised
in the course of this work and have similar chemical compositions and multi-dimensional frame-
works, but with different pore dimensions. Thus, the product distributions in aromatic hydroxyla-
tions using these materials can be used to identify shape-selective effects generated by the zeolite.

The role of the solvent was also investigated in this context.

2.2.3 Mesoporous titanium-containing molecular sieves

The successful synthesis of Ti-beta opened up heterogeneous oxidations with titanium-containing
zeolites to more bulky molecules such as terpenes [van der Waal et al. (1998b)]. However, a material

with ultralarge pores was soon sought to oxidise molecules that are too large even for Ti-beta. The
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so-called M#41S family is a mesoporous class of catalysts with has a hexagonally ordered structure
and pore openings ranging from 2 to 10 nm. Figure 2.7 shows the mesopores of a M41S-type

catalyst,

Figure 2.7: Mesopores of Ti-HMS and Ti-MCM-41

Synthesis of mesoporous titanium-containing molecular sieves The synthesis of Ti-M41S cat-
alysts has b
1200 m?/g
presence of large amounts of defect sites, the framework of Ti-M41S catalysts is very hydrophilic

reported using various templates. Materials with very high surface areas of up to

/ere obtained and good titanium incorporation has been proven. However, due to the

and leaching of titanium as well as framework instability under reaction conditions has been reported
by Rhee and Lee (1996) and Chen et al. (1997). The two major representatives of this catalyst class
are Ti-HMS and Ti-MCM-41, the latter having a slightly more ordered structure. Ti-HMS can be
synthesised at room temperature with Cyp ~ Cyg amines as templates, whereas long-chain quarternary

ammonium Salts and higher temperatures are used for Ti-MCM-41.

Catalytic properties of Ti-HMS (and Ti-MCM-41) Mesoporous titanosilicates have been com-
pared to TSt1 and Ti-beta for a number of reactions. A lower activity and peroxide selectivity is
generally observed for the mesoporous materials, particularly when aqueous hydrogen peroxide is
the oxidant.| This is generally ascribed to the hydrophilicity of these catalysts, which approaches

that of amorphous silica-titania oxides and leads to deactivation through adsorption of polar com-

pounds and decomposition of the oxidant. The latter aspect of mesoporous titanosilicates has been
investigated by Trong On et al. (1996) and Trong On et al. (1997), who described hydrogen peroxide
decomposition by surface silanols with Ti-MCM-41. Depending on reaction conditions, leaching of
titanium [Chen et al. (1997}] and even collapse of the framework [Chen et al. (1997), Rhee and Lee
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(1996)] has been reported when aqueous solutions of H,O4 were used as the oxidant. Most literature
reports focus on the use of organic hydroperoxides such as THBP with mesoporous titanium silicates
to oxidise very bulky substrates that cannot be oxidised with TS-1 or Ti-beta.

Due to thew ultralarge pores, no shape selective effects are observed with mesoporous materials
and they can thus be taken as a "reference’ for non shape-selective reactions over titanium-containing

molecular sieves,

2.2.4 Other titanium-containing molecular sieves

The first titanium-substituted redox zeolite to follow TS-1 was TS-2, a medium-pore zeolite with
MEL topology, a pore size of the same order as TS-1 and very similar catalytic properties. In several
research reports over the past years, the incorporation of titanium in a number of other zeolitic mate-
rials has been claimed. The synthesis of TS-48, the titanium analog of the mesoporous ZSM-48 and a
range of amorphous titanium silicates was reported. Other examples of titanium-substituted zeolites
are ETS-10 and titanium Z5M-12, which were obtained via hydrothermal synthesis. Post-synthesis
modifications mainly with TiCl; were used fo obtain titanium-containing versions of zeolites that
could not successfully be synthesised via hydrothermal synthesis; examples are mordenite, zeolite
Xand Y.

Titanium has also been jncorporated into the framework of many materials based on phosphorus,
aluminium (APOs, see Figure 2.2) and silica (SAPOs). Few reports on the catalytic properties of this
class of catalysts are available [Hsu and Cheng (1999)]. The general problem is the very hydrophilic
framework TAPOs and TAPSOs which limits their application to non-polar environments.

Some of the materials mentioned above showed good results for epoxidation reactions, but with
the exception of TS-2, satisfactory activities and selectivitics for aromatic hydroxylation reactions

were not achieved and often no proof for leaching stability of the catalyst was given.

2.3 Liquid-phase oxidations catalyzed by titanium-containing

molecular siéves

The exceptional range of reactions catalyzed by TS-1 with 30% hydrogen peroxide is illustrated in
Figure 2.8 with the reactions studied in this work highlighted. The majority of the reactions shown
are also catalyzed by Ti-beta and Ti-HMS although lower activities and selectivities were reported
as compared to TS-1.

The epoxidation of olefins is of great industrial interest and excellent selectivities at high conver-
sions have been reported by many groups [Clerici and Ingallina (1993 ), Langhendries et al. (1999)].
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R, OH

OH O
R.)\/R + Ri/U\/R

Figure 2.8: Catalytic propertics of TS-1 (redrawn and extended from Sheldon et al. (1998b))

Howdver, catalyst deactivation has been described by Langhendries et al. (1999) and presumably
occurs through strong readsorption of the epoxides with subsequent formation of high molecular
weight compounds in the pores. A solution to the deactivation problem has been found (by the addi-
tion of ammonia in the ppm range) and pilot plants are currently being optimised for the epoxidation

of propylene using TS-1 and 30% H,0, on an industrial scale.

The ammoximation of cyclic ketones is another industrially important reaction since the result-
ing oximes are easily rearranged to the corresponding cyclic lactams, the monomers for the produc-
tion of Nylon. Selectivities in excess of 95% at complete peroxide conversion have been reported
[Tha.wga:aj et al. (1991b)] and pilot plants for the ammoximation of cyclohexanone with TS-1 were

built. However, leaching of titanium in the presence of ammonia was observed [Petrini et al. (1991}].

Alcohols can be oxidised to their respective aldehydes and ketones [Maspero and Romano
(1994), van der Pol and van Hooff (1" ] and even saturated hydrocarbons can be oxidised in
the liquid-phase under relatively mild ¢ .ditions [Huybrechts et al. (1990), Khouw et al. (1994)].
The oxidation of thioethers to sulfoxides and sulfones [Moreau et al. (1997)] and the hydroxylation

of secondary amines [Reddy and Jacobs (1996)] has also been described.
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The hydroxylation ¢f phenol was, however, the first industrial application of TS-1; a plant pro-
ducing around 10000 v/a of hydroguinone and catechol using 30% H,04 was operated for a decade
in Ravenna, Italy. The hydroxylation of phenol and other aromatics was thoroughly investigated in

this work and a brief overview of the existing literature reports is given below.

23.1 Hydroxylation of phenol

Since the process was patented [Taramasso and Perego (1983)], the phenol hydroxylation has re-
ceived much attention i

n the literature and many reaction parameters have been investigated to opti-
mise the catalytic activity and selectivity.

In the early work ofi the reaction, phenol hydroxylation was identified as a suvitable test reac-
tion for the quality of the TS-1 catalyst batch [Kraushaar-Czarnetzki and van Hooff (1989)]. The
selectivity towards the dihydroxybenzenes and the peroxide efficiency are very sensitive towards
incomplete titanium incorporation and/or the presence of TiO, impurities. This aspect was used
again later when the European Association of Catalysis launched a collaborative research project
for the standardisation of TS-1. The synthesis. characterisation and catalytic properties of a stan-
dard EUROTS-1 catalyst was described by four independent research groups throughout Europe
[Martens et al. (1993}]. Major differences in the catalytic reaction results from the different groups
were recorded. The phenol hydroxylation was found to be dependent not only on the quality of the
catalyst but also on a number of other parameters such as reaction temperature and -time, amount of
catalyst, amount and nature of solvent, phenol/H;0; ratio and method of Hy0, addition.

Although many of these parameters have been studied in various publications, a comparison of
the results obtained is j;‘ten difficult due to the different reaction conditions chosen by the authors,
and some of the conclugions found in the literature are contradictory.

Thangaraj et al. (1991a) reported the formation of para-benzoquinone, the consecutive oxidation
product of hydroquinong, only for reaction temperatures below 43°C. The analysis method, however,
was GC analysis and the formation of para-benzoquinone during GC analysis was reported at low
Hy 05 conversions; this effect is described in more detail in section 3.4.3. In more recent publications,
most authors do not repprt the formation of para-benzoquinone.

One of the most interestin

T8-1/H,0, is the product distribution. Principally, hydroquinone is the more desired product and
thus reaction conditions with maximum peroxide efficiency and hydroquinone yield are generally
sought.

An increase in titanium content of TS-1 results in the expected increase in activity, but no effect
on the product distribution was observed [Thangaraj et al. (1991a)]; the selectivity of the reaction is

thus rather insensitive towards the titanium content of the catalyst.
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2.3. Liguid-phase oxidations catalyzed by titanium-containing molecular sieves

strong influence of reaction time and catalyst concentration on the product distribution has
been found [Thangaraj et al. (1991a)]; more of the para-isomer was formed with increasing reaction
time and increasing catalyst concentration. Both these cffects are very likely to originate from differ-
ent phenol conversions. The selectivity strongly depends on phenol conversion and several authors
have reported a shift towards more hydroquinone with increasing conversion, Selectivities can thus
only be compared at the same conversion levels and the conclusions in some reports do not take this
into account.

he product distribution as well as the change in selectivity with conversion also strongly depend

on the solvent used. In protic solvents. hydroquinone is the preferred product, whereas catechol is
preferentially formed in aprotic solvents., Thangaraj et al. (1994} tested various protic and aprotic
solvents for the phenol hydroxylation with TS-1/H>0» and found an increase in phenol conversion
with the polarity of the solvent. An explanation for this trend would be adsorption effects: the
hydrophobic environment in the TS-1 pores leads to preferential adsorption of non-polar compounds
and with increasing polarity, less solvent and more phenol could be present in the pores. However,
no adsorption study of phenol and other aromatics in different solvents can be found in the literature
and 1s presented in this work for both TS-1 and Al-free Ti-beta.

atisfactory peroxide efficiencies and high reaction rates have only been obtained for water,
methanol and acetone as the solvents. This can be accounted for by TS-1 catalyzed solvent oxida-
tion] water and acetone are inert, whereas the relatively rapid oxidation of alcohols to their respec-
tive aldehydes or ketones has been reported [van der Pol and van Hooff (1993)]. The exception is
methanol, which is converted to formaldechyde, formic acid, dimethyether and CO/CO,, at a very
low reaction rate [Maspero and Romano (1994)]. For bulky solvent molecules such as longer-chain
ketones or tert-butanol, the reaction rates decrease probably as a result of preferential adsorption of
these solvents, causing a significant reduction of the space available for reaction in the pores. Shape
selectivity through space restrictions in the TS-1 micropores is generally invoked to explain for the
higher para-selectivity compared to homogeneous processes; a comparison of some processes for

the hydroxylation of phenol using Ho0O is given in Table 2.2, Although a shape selectivity effect is

Table 2.2: Industrial processes for the hydroxylation of phenol with HyO, [Notari (1988)]
Process Reagents/method | Xonenot % | Sphenot % | Swao, % | p/o ratio |

Rhone-Poulenc Fe?*/ Co®* 5 90 70 0.7-0.8
(homogeneous) | Radical catalysis (Fenton-type)

Brichima HC1O4, H3PO, 10 80 50 0.4-0.5
(homogencous) Acid catalysis

Enichem T5-1 30 92 82 0.8-2.0
(heterogeneous) continuous fixed-bed

undoubtedly present in TS-1, no systematic study of this aspect is found in the literature, Titanium-
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containing molecular sieves with medium, large and ultralarge pores (TS-1 — Al-free Ti-beta —
Ti-HMS) were coripared in this work and conclusions in terms of shape selectivity were based on
the product distribitions obtained. As the shape selectivity observed in TS-1 can be enhanced by
the solvent, the inﬁ\tence of the latter in the ditferent pore environments was also investigated in this
study.

Not only the concentration of the reactants and products, but also their transport properties in the
pore system are of great importance. This key parameter was identified by van der Pol et al. (1992),
who investigated the influence of the crystal size on the catalytic activity of TS-1 in the phenol
hydroxylation with H,0,. These authors found that the reaction was strongly mass transfer limited if
the crystal size is larger than 0.3-0.4 um, which they attributed to very low intracrystalline diffusivity
values for phenol in TS-1. Their observation was based on a kinetic study and the calculation of
the Thiele modulus for TS-1 samples of different crystal sizes, but the diffusivity values had to be
estimated. In contrast, the present study documents the measurement of intracrystalline diffusivities
of phenol and other aromatics in TS-1 and Al-free Ti-beta using two different methods. Values for
the counterdiffusion of aromatics in these catalysts (using different solvents) are not yet reported in
the literature.

The use of very|small crystals to avoid mass-transfer limitations in aromatic hydroxylation reac-
tions implies that another parameter becomes important: the external surface of the catalyst particles.
The desired shape selective effects are not present on the external surface as the reaction on external
surface sites is not| limited by geometric constraints generated by the microporous structure. Ad-
ditionally, external reactive centres are exposed to the concentrations in the bulk solution, which
can be different from the concentrations present in the pores as pointed out earlier. The role of the
external surface in fhe phenol hydroxylation over TS-1 was subject of a study by Tuel et al. (1991).
These authors used a non-calcined catalyst for a phenol hydroxylation experiment in methanol and

acetone as solvents. A very high selectivity towards catechol was observed and their conclusion

was that catechol 15 almost exclusively formed on the external surface. A more pronounced shift
towards more hydroquinone with increasing conversion was observed in methanol than in acetone
as the solvent. This was explained by a poisoning of the external surface with tars in the course of
the reaction. As the external sites are preferentially producing catechol and are poisoned during re-
action, more hydroguinone is observed with increasing phenol conversion. In acetone as the solvent,

the external surface poisoning is partly prevented or delayed due to the dissolving power of acetone

for tars. Although this seems a valid explanation for the role of the external surface sites, there are
still contradictions in the literature. In the same study, Tuel et al. (1991) reported a high activity of
the external surface whereas van der Pol et al. (1992) found a very low activity. Additionally, ifa
non-calcined catalyst is taken for a catalytic experiment, the role of the template, still in the pores

and possibly also on the external surface, is unclear. A different approach is presented in this work:
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2.3. Liguid-phase oxidations catalyzed by titanium-containing molecular sieves

instead of preventing reaction in the pores by blocking the latter, deactivation of the external surface
by Si0, deposition using a CVD technigue was applied to discriminate between external and internal
activity of [TS-1.

An interesting detail is the dependence of peroxide efficiency and product distribution on the
method of] peroxide addition as reported by Thangaraj et al. (1991a). Drop-wise addition of the
Hy0; solution resulted in higher peroxide efficiencies and hydroquinone selectivities than addition
of the whale amount in one portion. Thus, low concentration levels of hydrogen peroxide favour
hydroquinone formation and decrease peroxide decomposition. A patent describing a continuous
phenol hydroxylation process with multi-stage H,O5 addition into the catalyst bed is based on this.
concept [Ratnasamy and Sivasanker (1996)].

*

The influence of many parameters such as the reaction conditions, quality and crystal size of
the TS-1 sample ete. renders a comparison of literature data difficult; in some cases, important -
formation is not given in the reports. Table 2.3 shows a selection of literature results for the phenol
hydroxylation over TS-1 with aqueous H,0O,. Higher para-selectivities are generally reported in pro-
tic solvents, although the reported values differ substantially. This overview of the literature clearly
demonstrates that phenol hydroxylation over TS-1/H, 05 is by no means a simple reaction. Although
this reaction has been the subject of numerous publications and has been running on an industrial
scale for many years, a detailed reaction mechanism explaining the activities and selectivities ob-
served is not yet reported and many aspects such as the influence of the external surface are not yet
fully understood.

2.3.2  Other aromatic hydroxylations

Other substituted benzenes and benzene itself can also be hydroxylated over TS-1 with aqueous
H,0,. Larger aromatics such as substituted naphthalenes seem too bulky to enter the TS-1 pores
under mild reaction conditions. If the benzene ring has more than one substituent or the substituent is
too bulky, low reaction rates were observed [Bhaumik and Kumar (1995), Vayssilov et al. (1997), Wu
et al. (1998)], presumably due to mass transfer limitations. In the hydroxylation of alkylbenzenes,
Wu et al. (1998) observed that the reaction rates decreased in the order toluene >> ethylbenzene >
cumene. These authors also presented the only study of transport properties of alkylated benzenes
in TS-1. Vayssilov et al. (1997) investigated the hydroxylation of toluene, ethylbenzene, and 1- and

2-propyl-benzene over TS-1 with HyO,. For toluene, only ring hydroxylation was observed whereas

was the major reaction

Substituted benzenes with electron-withdrawing groups do not react [H6ft et al. (1996)], indi-
cating that deactivated aromatic rings cannot be hydroxylated with TS-1/H205 under mild reaction

conditions.
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Table 2.3: Literature data for TS-1/H,0, catalyzed phenol hydroxylation

T solvent Xon | Xmpo, | Spr | Smeo, | PO Experimental conditions Ref.
[°Cl [%6] | [%] | [%6] | [%]
70 water 17.2 - - 85.0 @ 1.44 tg =6 h, 20 g solvent, Thangaraj
methanol | 169 - - 79.0 | 2.69 1 g TS-1(S1/Ti=33), et al.
acetone 16.2 - - | 820 094! phOH/H,0, =5, (1994)
t-butanol | 10.0 | - - | 486 291! 2.5 g Hy0,?
2-butanone | 8.4 - - | 430 0.67%
acetonitrile | 9.0 - ~ 480 093!
80 methanol 3181 83.0 - - 2.7 tp = 6 h, 28 ml solvent, Kulawik
0.5 g TS-1(Si/Ti=48), et al.
9.4 g phOH, 4.4 ml H,0,? (1994)
80 acetone 24.0 - - - 0.2 0.4 g TS-1(Si1/Ti=40), Astorino
10 g phOH, 4 mi Hy0, et al.
(1995)
70 methanol 18.0 - - 89.0 2.0 tg = 6 h, 13 ml solvent, Tuel
0.5 g TS-1, 9.4 g phOH, etal.
2.4 ml HyO4 (1994)
80 acetone 214 - - - 1.1 1 g phOH, 8 g solvent, Kumar
0.2 g TS-1(Si/Ti=27) et al.
(1994)
70 ethanol 20.0 - - 95.0 | 1.9 tg =1 h, 20 ml solvent, Tuel
0.5 g TS-1(Si/Ti=109), et al.
9.4 g phOH, 2 ml H,0, {1996)
80 methanol - - - 920 | 2.1 tg=2h, 15 mi solvent, Tuel
0.5 g TS-1(8/Ti=25), etal.
9.4 g phOH, 2.3 ml H,0, (1994)
60 cthanol - 100 | 89.0 93.0 | 2.0 tg = 3 h, 16 ml solvent, Tuel
0.5 g TS-1(Si/Ti=50), et al.
9.4 g phOH, 2,3 ml HoOs (1998)
57 acetone 24.6 - - 750 | 075 tp=6h, Thangaraj
2-butanone | 144 - - 43.0 | 0.621 | TS-1(S¥/Ti=23)/phCH = 0.1, et al.
acetonitrite | 15.3 - - 438.0 | 0.62 phOH/H40, =3 (1991}
methanol | 25.2 - - 81.0 | 1.86
25 acetone 30.0 - - 81.0 | 0.92%
100 | acetone/H,O | 27.0 | 1000 | 91.0 | 82.0 | 1.0 tp = 1h, 20.7 g phOH, Martens
69 | methanol |21.0 - 66.0| - 251 0.72 g TS-1 (8i/Ti=35), etal.
6.8 g solvent, 5.46 g Ho027 | (1993)
60 - | methanol | 20,0 1000 91.0 ] 700 | 185 phOH/H,Oy =33 -5 Perego
100 acetone 26.1 | 100.0 920 80.0 | 0.75 TS-1(Si/Ti=40) etal.
(1990)

*major amounts of para-benzoquinone reported; 2H,0; (30 - 35% solution in water) was injected

dropwise over 10 - 60 min
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The hydroxylation of benzene mainly yields phenol and para-benzoquinone [Thangaraj et al.
(1990)], and phenol selectivities > 90% could be achieved depending on the solvent. Kumar and
Bhaumik (1998), Bhaumik et al. (1998) and Kumar et al. (1999) presented a series of studies
on aromatic hydroxylations with TS-1 under triphase conditions. Higher reaction rates and para-
selectivities were reported for toluene and anisole. The same authors also described a solvent effect
similar to the one observed in the phenol hydroxylation; protic solvents favour para hydroxylation
whereas more ortho hydroxylated products were formed in aprotic solvents. The higher reaction
rates in triphase conditions were ascribed to preferential adsorption of the aromatics in the presence
of water. The higher para selectivities were explained with the same effect as the reaction takes place
in the pores to a much larger extent and shape selectivity effects become more dominant. Kumar
and Bhaumik (1998) and Bhaumik and Kumar (1995) also described the hydroxylation of benzyl
chloride, benzyl alcohol and acetophenone [Bhaumik et al. (1996)] to a mixture of hydroxylated and

side-chain oxidised products.

Table 2.4: Literature data for TS-1/Ho0, catalyzed anisole and toluene hydroxylation

| substrate = solvent Xa | Xm0, | 84| Smo, | %o | %m | %p | plo Ref.
anisole acetone 119 98 9 1 73 64 . 36 1 L78 Perego
toluene | acetone 7.1 98 190 65 15 | 15 | 70 | 4.67 | etal. (1990)
water 7.5 o8 B85 | 65 26 129 | 45 | 1.73
anisofe = methanol | 3.9 | 191 - - 35 - 65 | 1.8 Kulawik
et al. (1994)°
anisole acetone | 42.2 - - | 435 (666 - 303,045 Kumar
methanol | 45.2 - - | 462 | 318 - |67.2 211 ]ectal (1998)3
t-butanol | 38.0 - -1 404 1244 - 7401303
water 66.5 - - 1 0679 236 - 1723|282
toluene acetone 5.5 - - 56 | 697 - 284 041
water 14.8 - - 152 414 - | 559 1.35
anisole | acetonitrile | 42.2 | 100 - - 666, - 303046 Bhaumk
water 66.5 100 | - - 1256 - 1723|282 etal (1995)*
toluene | acetonitrile | 5.5 100 - - 6971 - | 284041 Ramasamy
water 148 100 | - - 4141 - 1559|135 etal (1995)*
toluene water - 100 - - 25 130 ) 45 1.8 Marchal
et al. (1993)°
anisole ' acetonitrile | 7.5 - - 1 375 | 55 - 45 1 0.82 Kumar
methanol 9.0 - - | 450 | 60 - 40 | 0.67 | etal. (1999)5
water 17.5 - - | B75 25 - 75 ] 3.0

T = 60 - 100°C, aromatic/H;0, = 0.1; %tp =4 h, T = 80°C, 20 g solvent, 1 g TS-1(Si/Ti=48), 20
g phOH, 4 ml HyOy; *T = 60 - 80°C, 10 mmol aromatic, 10 mmol HyO3, 0.2 g TS-1(Si/Ti=30), tz
=6~ 12 by 1T = 80°C, 10 mmol aromatic, 10 mmol Hy05, 0.2 g TS-1(Si/Ti=30), tp =6 - 16 h; °T
= §0°C, 10 ml solvent, 0.5 g TS-1(S¥/Ti=50), 0.1 mol aromatic, 0.02 mol HyO,; 8T = 80°C, 54 ¢
solvent, 0.1 mol aromatic, 2.1 g TS-1(S¥/Ti=32), 0.02 mol H,0,;
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In this work, only reactions where exclusive ring hydroxylation occurs were investigated, e.g.
the anisole and toluene hydroxylation, using the same approach as for the phenol hydroxylation.
Table 2.4 shows liferature f;su]ts for the hydroxylation of anisole and toluene. The results for the
anisole and toluene hydro lation reported in the literature, particularly the effect of the solvent on

the product distribution, sh w considerable inconsistency.

The role of the external surface has not yet been investigated in the literature and no compari-
son to a larger pore titantum-containing zeolite, which could identify shape selectivity effects, has
been reported. Solvent effects were also examined and a reaction mechanism consistent with the

experimental results was developed.

For the catalytic prope ies of Al-free Ti-beta in aromatic hydroxylations, no data is currently

available in the literature d the application of this novel catalyst for these reactions is evaluated.

A very interesting and potential industrial application of Al-free Ti-beta is the hydroxylation of
naphthalenes to their corresponding naphthoquinones. The feasibility of this reaction was demon-
strated by Anunziata et al. (1999), who studied the conversion of 2-methyl-naphthalene to 2-methyl-
{,4-naphthoquinone over titanium- and iron-substituted large pore zeolites and mesoporous mate-
rials. This reaction and the hydroxylation of 1-naphthol with aqueous HoO, was examined in this

work as another application of Al-free Ti-beta.

2.4 Adsorption of hydrocarbons on microporous solids

One of the most interesting properties of zeolites is their ability to selectively adsorb molecules,
which leads to an accumulation of preferentially adsorbed compounds in the pore system. In the case
of titanium-substituted sili¢alites such as TS-1 and Al-free Ti-beta, their hydrophobic framework is

expected to preferentially adsorb non-polar compounds.

Without knowing the c?nccntrations in the pores, it is difficult to evaluate the (intrinsic) activity

of a microporous catalyst as most of the active sites are located inside the pores. Since a kinetic
study is presented in this work, the (competitive) liquid-phase adsorption of reactants, products and

solvents in the zeolites used was investigated using both a batch and a chromatographic technique.

In a separate investigation, a gas-phase adsorption study was used to examine the effect of ex-
ternal surface deactivation on the pore mouth of TS-1. The adsorption of molecules with a kinetic
diameter close to the pore openings of TS-1 was taken as a measure for potential pore entrance

narrowing or ~-blocking generated by deposition of inert material on the external surface.
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2.41 Gas-phase adsorption

The chromatographic method is a well-established technique to determine adsorption constants of
hydrocarbons in microporous and mesoporous materials. The method consists of the injection of a
hydrocarbon pulse into a column packed with the adsorbing material at elevated temperatures. The
first and second moment of the response peak [can then be used to calculate the adsorption constant
and the diffusivity of the tracer compound in the zeolite pores, respectively. This work deals only

with liquid-phase reactions, and thus the aim of the gas-phase adsorption study conducted was not

to determine the adsorption properties of certain compounds in the vapour phase in TS-1, but to
evaluate changes in adsorption behaviour on progressive silanisation of the external surface.

Using the pulse gas-phase chromatographic technique, it could be shown that the pores of
sificalite-1 can be narrowed through silica deposition on the external surface to an extent that
branched paraffins were excluded from entering the pores [Sealy and Méller (1998})], whereas lin-
ear alkanes were still strongly adsorbed. Thus, this technique is an appropriate tool to characterise

the response of the pulse-injection of 50 - 100 pl of

pore mouth narrowing upon silanisation. Fro
saturated hydrocarbon vapour (1 - 4 pmol), the first moment u; can be calculated by integration of
the FID detector signal. From the first moment, the Henry’s constant of the tracer compound on the

sold can be determined:

t} t dt\ Lot .
Coxt + 1- Ee I{ 2.1

The adsorption isotherm is assumed to be in tﬂe linear region, hence Henry’s law is valid:

q
= 2.2
K g (2.2)

The second moment of the pulse response can be calculated by integration of the FID detector signal

using the first moment:

o -t - mydt
= ety -dt

The temperature dependence of the adsorption constant K is given by the van’t Hoff-type equation:

(2.3)

Ey ;
) 24

2.4.2 Liquid-phase adsorption

In the gas phase, the influence of the carrier gas on adsorption can generally be neglected. In the

liquid phase, however, adsorption is always competitive since not only reactants and products but
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the importance of the adsorption properties of reactants and products in liquid-
‘eactions over TS-1 and Al-free Ti-beta using the same experimental technique
s work, Surprisingly, a systematic study of the adsorption of aromatics in TS-1

with different solvents is not available in the literature.

ystalline diffusion of hydrocarbons in microporous

eneous chemical reactions in microporous solids can be influenced either by the

the mass transport of the reactants or products. The phenol hydroxylation over
as a strongly mass transfer limited reaction by van der Pol et al. (1992) for zeolite
0.3 pm. However, the infracrystalline diffusivities were estimated through the
itive Thiele modulus for different crystal sizes. No reliable data for the diffusion
t and Al-free Ti-beta in the liquid phase are available in the literature. This work
the intracrystalline counter-diffusivities of various aromatics in TS-1 and Al-free

ent solvents used for reactions. Together with kinetic data from catalytic reaction

experiments, the measured diffusivity values then allow an exact evaluation of the influence of the

crystal size,

2.5.1 The liquid-phase ZLC method

The zero length co
was first introduce]
publications follow
been continucusly
the technique is its
curve when a very

low concentration,

umn (ZL.C) method of measuring micropore diffusivities in microporous solids
d by Eic and Ruthven (1988) for gas-phase adsorption systems. Many more
ed and useful and consistent data can be extracted from the model, which has
improved since the establishment of the technique. One of the advantages of
simplicity. The ZLC technique depends on following the transient desorption
srnall sample of zeolite crystals (a bed of *zero length’), presaturated at a known,

is desorbed by purging with an inert carrier at a relatively high flow rate, under

conditions such that the desorption rate is controiled by diffusion within the zeolite crystals. The

intracrystalline diffusivity and the Henry constant can be extracted from the long-time region (i.e.

the "tail") of the monitored transient desorption curve.

The application of this technique to liquid systems is, however, experimentally much more dif-

32
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ficult. Ruthven and Stapleton (1993) presented the first extension of the ZLC method to liquid
systems, and this was Eﬁowed by an improved modelling of the system by Brandani and Ruthven
(1995). These are to date the only publications that deal with liquid-phase systems using the ZLC
technique. In a gaseous system, because of the low molecular density, neglect of the external (fluid-
phase) hold-up is generally a very good approximation and it is possible to use a very simple model
to mnterpret the experimental desorption curves. In liquid-phase adsorption systems the hold-up in
the external fluid is of much greater importance and can be of the same order as that in the adsorbed
phase. Another problem is that the sensitivity of the available detectors is not as high in the liquid
phase as in the gas phase. Careful characterisation of the system with special attention to the blank
response is thus necessary. The (original) ZLC model is derived from the following equations, as-

suming spherical catalyst particles, the validity of Henry’s law and Fick’s second law of diffusion,

and a well-mixed (differential) adsorber:

Solid-phase (sorbate bed) mass balance using Fick’s second law in spherical coordinates:

dg &q 28q
a0 (5 7o @9
Fluid-phase mass balance:
. 0g dc _ :
’&3&+Vf{%+F‘G—O (2.6)

with the initial conditions

glr,t=0)=K-Cq

2.7
Ct=0)=0Cq @7
and the boundary conditions, assuming the validity of Henry’s law (linear isotherm)
r=R,t)=K -C,
glr e ) C, (2.8)
(;57? =0 =0

With a negligible interstitial fluid hold-up, these equations can be solved to yield the relation for

ZLC desorption curves:
C >~ exp(—B2(D/R)t)
— =12L — < 2.9
Gy ; B2+ L(L-1) (29)
where
characteristic dif fusion time _ FR} EeqV B2

— am = 2.
characteristic convection&adsorption time  3V,.KD  3(1 — ege) Loy KD (2.10)
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and 3, is given by the roots of

For sufficiently long times, only the first term of the sum in equation 2.9 has to be taken into

account:

C _ 2L eap(~BHD/R)
Co~ B+LIL-1) 212)

For large values of L, i.e.for sufficiently high purge flow rates and with 5; =~ « for long times,

this can be written as

In (%) ~ m(%) —t-ﬂz—}% (2.13)
Under these conditions, the desorption is controlied by intracrystalline diffusion to the crystal
surface. The diffusional time constant D/R? and the parameter L can then be extracted from the slope
and 1ntercept of the ZL.C desorption curve in a semi-logarithmic plot of C/Cy versus t, respectively.
The other limit is obtained for very low purge flow rates. Intracrystalline diffusion is then fast
enough to maintain an essentially uniform concentration through each crystal and the desorption
rate is controlled by the convective removal of the sorbate. In this case, L—0, 82 — 3L and the
desorption curve becomes

C —Eem¥y - i
nf— | = ——tom 2.14
" (CO) (1 - Semt)KLcaé ( )

Under these conditions, the desorption is equilibrium controlled and the transient desorption
curve contains no information about diffusion. Hence, care must be taken to choose a sufficiently
high purge flow rate to operate at large values of L and therefore monitor a diffusion-controlled ZLC
desorption curve, A variation of the flow rate is necessary to verify this condition.

It has to be noted that the above equations are derived for spherical particles. Cavalcante Jr. et al.
(1997) and Duncan and Méller {2001} presented a study about the main diffusion ;Sath length in
ZILC desorption curves using non-spherical crystals and a crystal size distribution, respectively. For
slab-shaped crystals, the crystal radius R, in equation 2.13 has to be replaced with the half-thickness
(1/2) of the slab-shaped crystals. For other particle shapes, the main diffusion path length can be
represented by the ratio of pore volume to surface area. Further details for the derivation of the ZLC
model and the interpretation of ZLC desorption curves are described elsewhere [Duncan and Méller
{2001), Eic and Ruthven (1988), Cavalcante Jr. et al. (1997), Kirger and Ruthven (1992), Ruthven
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~et al. (1991), Ruthven and Stapleton (1993)].

2.5.2 The liquid-phase pulse method

The liquid-phase pulse| method relies on the same principles as the ZLC method described above
and the same assumptilns are made. Instead of following the transient desorption curve after a step
input, the response of 4 pulse of saturated hydrocarbon solution is monitored. Mathematically, the
puise method can be described as the time derivative of the ZLC method. The pulse model relies
on the same assumptions and is derived in a similar way as the ZLC model; a detailed derivation
is described elsewhere |[Schwan (2001)]. In principle, the same probléms are encountered as for
the ZLC method, and in particular the axial dispersion can be a problem. However, application of
the pulse method is more limited: the zeolite has to strongly adsorb the tracer compound and the

diffusion has to be slow. If these conditions are not fulfilled, the amount of hydrocarbon adsorbed

by the zeolite bed is low. Consequently, the hydrocarbon concentration during desorption is also low

and the sensitivity of the detector is not sufficient to accurately measure the response curve.

2.6 Inertisation of the external surface sites of microporous
solids

Diffusion limited reactions are common especially with microporous solids in the liquid phase; this
aspect was further investigated in this work. The application of nano-sized catalyst crystallites offers
a solution to overcome mass transfer imitations in heterogeneously catalyzed reactions. However,
small catalyst particles have a significant portion of the active sites located at the external surface
where no shape selectivity effects take place. Figure 2.9 shows the calculated ratio of external
surface area to total surface area for TS-1 as a function of crystal size, assuming spherical particles

with a perfectly smooth surface (Syoo; for TS-1 taken from the t-plots of BET measurements). Due

to surface roughness, the real values are expected to be higher.

Generally, when a zeolite is employed as a catalyst, shape selective effects generated by the
microporous framework are desired. The inertisation of the external surface has therefore been
extensively studied in the literature for a number of microporous solids using various methods. More
recently, the deactivation of the external surface with SiO, using chemical vapour deposition of
silanes received increasing attention. The advantage of this approach is that inertisation is permanent
in contrast to external surface deactivation through coking. In case of further (internal) deactivation,
the zeolite can be thermally regenerated with the silica layer still intact since it is chemically bonded
to the surface.
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Figure 2.9: External surface area relative to total surface area for spherical TS-1 particles

2.6.1 Chemical vapour deposition (CVD) of tetraethoxysilane (TEOS)

The chemical vapour deposition (CVD) of silanes on zeolitic aluminosilicates, especially ZSM-5, is
a well-established technique for inertising the acid siteson the external surface {Wang et al. (1988)].
For external surface site inertisation, a silane with a kinetic diameter larger than the pore openings
of the zeolite is chosen, e.g. tetracthoxysilane (TEOS). Silica deposition proceeds via chemical
reaction of TEOS molecules with active sites at the external surface, which can be'either Bronsted
acid sites [Chu et al. (1989), Weber (1998)], silanol groups [Bartram and Moffat (1996), Sealy and
Maller (1998)] or other surface sites, as described in detail by Impens et al. (1999). The inertisation
may lead to improvement in selectivity towards the product with the smallest kinetic diameter, as
was observed in the toluene disproportionation to benzene and xylenes over H-ZSM-5. A cycle-wise
CVD deposition of TEQS on H-ZSM-5 was described by Réger et al. (1998) and Ceijka et al, (1996).
With increasing number of cycles the para-xylene content in the fraction of xylenes increased up to
99%, which was explained in terms of pore mouth narrowing [Rdger et al. (1998)].

In this work, CVD of TEOS was used fo inertise the external surface of TS-1. At low temper-
atures (RT - 200°C), TEOS molecules react with external surface groups; the remaining organic
groups are subsequently combusted in a high-temperature calcination step. Figure 2.10 shows a
schematic drawing of the possible interactions of a TEOS molecule with TS-1.

The external surface deactivation through silica deposition can principally be achieved in three
different ways:

» exclusive reaction of TEOS with external active centres at a low coverage, such that the pore
entrances are not significantly affected

+ slow, selective 5109 deposition with a controlled narrowing of the pore mouth
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