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Synopsis 

This work focuses on aromatic hydroxylations over titanium-substituted zeolites of different pore 

sizes (TS-I, Al-free Ti-beta and Ti-HMS) using aqueous H2O2 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 ( dcry~t.cu = 0.1 11m) TS- I 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 na1TOwing or 

blocking of the pore mouth. A kinetic model was developed to 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 TS-1 crystals 

allowed for decoupling of the activity of the internal and external surface of the zcolitc. A chromato­

graphic HPLC technique was used to characterise the adsorption properties and the liquid-phase 

ZLC method was chosen to measure the transport properties 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 H2O2 concentration low and inhibits readsorption and subsequent overoxi­

dation of reaction products. Furthennore, 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- I 
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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-I 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-I and Al-free Ti-beta become strongly diffu­

sion limited for larger crystaJs. Small crystals (dc,•i,$tal < 0.3 µm) of TS- I 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 (dcrrstol ~ 0.9 

11m). 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 H20 2 . The reactivity decreased in the order phenol> 

anisole > toluene. Ortho- and para-hydroxylation was observed in the phenol and anisole hydroxy­

lation, whereas aU three isomers were obtained in the toluene hydroxylation. A reaction mechanism 

involving the elcctrophilic 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-I, 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 obsen,ed is suggested. 

A comparison ofTS-1 and Al-free Ti-beta in the phenol hydroxylation confinns 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 H20 2 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 selectivities compared to the internal surface. In an 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 modem 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 annnoxidation of hydrocarbons [Shanani et al. (1996)]. 

Today cataJytic 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. (sec Table 1.1 ). While 

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

Chemical I U.S. capacity (million ton/year) I 
Acetaldehydc 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 
Terephthalic acid/dimethyl terephthalate • 3.53 

Vinyl 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 



CHAPTER I. 1.yTRODUCTION 

important role.f e to the generally higher profit margins in the synthesis of fine chemicals, inter­

mediates or ph aceuticals, many chemical companies have increased their activities and research 

efforts in this a a. 

1.2 GenetaI catalytic process options 

The focus of thi~ work is heterogeneously catalyzed liquid-phase oxidations as highlighted in Figure 

LI, which showi the general process options for catalytic hydrocarbon oxidation reactions. The pro-

STOCHIO ETRIC 

GAS PHASE 

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

cess of choice, if possible, will always be a ga.:;-phase oxidation using oxygen or air as the oxidant. 

Oxygen and air re inexpensive and the process can be run continuously, allowing large-scale pro­

duction. Howev , since dioxygen has a triplet ground state, reactions with most organic molecules 

are spin-forbidd n and exhibit high activation energies, consequently requiring relatively high reac­

tion temperature [Sheldon (1990)]. 

The term " e chemicals" is not always precisely defined, but it usually refers to compounds 

that have: 

• a relatively high molecular weight and thus 

• a relatively high boiling point 

• multiple n,.nctionalities (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/02 re~ 

quiring high temperatures is generally not favoured for the synthesis of fine chemicals. Furthermore, 

2 



1.3. Environmental impact of flne chemicals production 

since fine c emicals are often produced in batch processes and have high value, a high selectivity 

is more irn rtant than a high activity in the process. The use of dioxygen (or air) as the oxidant in 

gas-phase o idations 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 s ws little chemo- or regioselectivity in its reactions with organic substrates and the pri­

mary oxida on products are more easily oxidised than the hydrocarbon substrate. 

In liqui phase oxidations, a range of (more selective) oxidants can be used. The reaction con­

ditions are nerally relatively mild. Traditionally, selective liquid-phase oxidations for high-value 

products is one using stochiometric quantities of the oxidants (e.g. Ct03, KMn04 or K2Cr207) 

ly added to the reaction mixture. Since these processes involve the production oflarge 

yproducts with associated Widesirable economic and environmental effects, the devel­

opment of w, catalytic processes is preferred. 

To achi e the required highly selective catalytic transfer of oxygen from the oxidant to the 

substrate, a nsition metal and an oxidant other than 0 2 is needed. To date, homogeneous catalysis 

has domina ed liquid-phase catalytic oxidations. The catalysts used arc soluble transition metal 

complexes, "th which high turnover numbers can be achieved. However, the disadvantage of a 

homogeneo s process is obvious, since catalyst recovery is often not feasible or not economically 

talyst ultimately remains associated with the product or is lost in waste or by-products, 

only a cost factor but also of environmental concern, since transition metal complexes 

are expensi e and often toxic. Heterogeneous catalysis offers the advantage of regenerabi1ity of the 

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

1.3 Eqvironmental impact of fine chemicals production 

Fine chemic ls are produced on a scale orders of magnitude lower than bulk and intcnnediate chem­

icals (see T ble 1.2). Due to the often complicated and multi-step synthesis procedures, a batch 

process is nerally used. As Table 1.2 shows, fine chemicals production involves the generation of 

large amou s of by-products per kg product. Although the total amount of by-products produced 

is smaller · fine chemicals than in bulk due to smaller annual tonnage, the nature of the by-product 

has to be t e11 into account. By-products from fine chemicals production are often toxic and envi­

ronmentaJJy harmful, which has been described by a high 'environmental quotient' (EQ) by Sheldon 

and Dakka (11994). 

The profit margin in fine chemicals production is high and thus, until recently, little attention bas 

been paid to minimisation of environmentally hannful by-products. However, due to increasingly 

strict regulations 011 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 

3 
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environmentally{riendly processes is also reflected in research. In the literature, many articles on 

more environme tally friendly chemistry have been published during the past few years. The recent 

appearance of th journal "Green Chemistry", which is devoted to more environmentally friendly 

processes/synthe~is, reflects the importance of this area of research. 

hie 1.2: Sea e and by-product generation of industrial chemicals production [Sheldon (1997 

. Industry se1 ment U.S. annual tonnage (1996) kg by-product / kg product EQ 

I bulk chem cals J04-I06 <I low 
fine chemi cals 10:.:-104 5-50 high 

! phannaceu icals 10- J03 25 - >100 very high 
1 

1.4 Scop~ of this thesis 

In the preceding aragraphs, the importance of cleaner, heterogeneously catalyzed hydrocarbon ox­

idations for fine hemical production has been highlighted. 

In the past d ade, numerous publications have appeared in the area of heterogeneous catalytic 

hydrocarbon oxi tion with both 0 2 and peroxides as the oxidant. The immobilisation of transition 

metals, traditio ly used as soluble complexes in homogeneous catalysis, increases the catalyst 

stability and ena Jes the recovery and regeneration of the catalyst. Thus, this approach becomes 

more and more i teresting fur industrial applications and has attracted great attention from research 

groups all over e world. 

The discoveey of TS-1, the titanium-substituted analogue of ZSM-5, by Enichem researchers 

in Italy opened p a whole new area of research. Due to its remarkable catalytic properties, TS-

1 was soon foll wed by the invention of a number of new redox molecular sieves with potential 

applications for any useful oxidation reactions. 

However, de ite the discovery of more and more promising new materials, various aspects of the 

catalyzed oxidati n reactions are not fu]ly understood. Even for the phenol hydroxylation over TS-1. 

a reaction carrie 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 ot reported in literature. 

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

oughly studied ain a dee r 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 selected reactions. The presence of shape selectivity effects in the 

4 
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zeoHte 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 

hydroxy1ations over titanium-substituted zcolitcs 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. 

5 



Ch~pter 2 

Literature review 

2.1 Heterogeneous catalysis for liquid-phase fine chemicals syn­

thesis 

ively transfer the oxygen to the substrate, the presence of a transition metal is required. 

ition metal containing catalyst first reacts with the oxidant to fonn the active species which 

then o idises the substrate; re-oxidation of the catalyst occurs and the catalytic cycle is closed. A 

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

202, 

OOH, 
COOOH, 
aClO, ... 

Active oxygen-cat. 
s ecies 

I Catalyst I 

Immobilised metal 
complexes, 
Redox zeolites, ... 

6 , R-H 

R 

o_,~,R-OH 
OH 

Figure 2.1: Catalytic cycle for partial oxidation reactions [Moro-oka ( 1998)] 
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2.1. 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 compltxes in a poJymer, such as poJydimethylsiloxane (PDMS) 

via a sol-gel process; imrnobilisatio is achieved via physical entrapment in the host network 

[Langhendries (1999), Neys et al. (1 97)]; 

• Association of the transition metal i,vith dendrimers whlch are large enough to be separated 

from the reaction mixture [Kimura ~t al. (1999)]; 

" Dissolution of transition metal corplexes in a (non-volatile) solvent immiscible with the 

reagents [Wan and Davis ( 1994)]; 

" Ion-exchange of soluble transition-~etal complexes on resins [Sheldon ( 1990)]; 

" 'Ship-in-a-bottle' catalysts, where tpition metal complexes are synthesised from transition 

metal ions and ligands inside zeoli cavities [Parton et al. (1991), Schulz-Ekloff and Ernst 

(1999)]; 

• Supported transition metal oxides [Glerici (1993), Aiken Ill and Finke (1999)]; 

• Immobilisation of transition metals {or transition metal complexes) on zeolitic supports (gen­

erally referred to as redox moleculru! sieves). 

A major recmTent problem with all variet es of immobilisations is leachlng of the transition metal. 

Ion-exchange based methods in particula1LdJ1-C-Jl!vt~ct--¥-~~llC-=l\,;C--Ult;__u_=)J.Ul-'-"-=il.<U-~=>LL¥ 

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 mediwn 

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 po]ymer [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 dcndrimer stmcture is a problem. 

7 
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'Ship-in-a-bottle' cataltsts have also received significant attention in recent years. Transition 

metal complexes such as i~nphthalocyanines, synthesised in zeolite cavities such as zeolite Y su­

percages, offer a truly hete gencous oxidation catalyst. The metal complex is too bulky to diffuse 

through the zeolite channel and is thus physically entrapped in the zeolite matrix. Although hetero­

geneity of these catalysts h been proven, the major problem is degradation of the complex ligands 

and thus instability of the t sition metal complex [Sheldon et al. (l 998b)]. 

A general problem wi all immobilisation methods using complexes of transition metals is the 

regeneration of the dcacti ted catalyst. Deactivation during oxidation reactions occurs through 

formation of undesired hig -molecular weight side products (polymers or tars) at or near the active 

sites. Due to the limited ennal stability of the complexes, simply heating the catalyst in air and 

combustion of the tars is n possible, and hence regeneration to restore the initial activity can be 

difficult. 

A way to ensure both e,sy thermal regeneration of the catalyst and convincing stability towards 

leaching of the transition mtl is to chemically bind the transition metal to an inorganic matrix. The 
inorganic matrix can be an orphous oxide or have a regular structure like zeolites. The latter type 

of catalysts is generally refi rred to as redox molecular sieves. 

2.1.1 The choice of ,he catalyst ~ redox molecular sieves 

Zeolites not only offer the dvantage of great thermal stability and thus facile regenerability, they 

also have a well-defined re system that is able to discriminate between organic molecules with a 

precision of less than 1 A, hich is why they are also called molecular sieves. Due to the uniform 

size distribution of their m cropores in which most of the reactive centres are located, zcolites can 

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

• reactant shape selectjvity: the zeolitc excludes reactants that are too bulky from entering its 

pore structure 

• product shape selecti~rity: the reaction equilibrium inside the zeolite pores is shifted towards 

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

• traruition-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 
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prevented and the reaction can be driven towards the path with the least space-demanding transition 

state. 

Generally, zeolites are fined as crystalline microporous solids, whose framework consists 

mainly of interconnecting M 4 tetrahedra. (SiO2)n. is the main building unit of silica-based zeolitic 

materials, but a proportion o the siticon(IV) can be replaced by other metal ions. The best known 

examples are the aluminosili tes, where the Si/ Al ratio can in principle range from l to infinity. 

Related to such materials are c microporous and mesoporous aluminophosphates (AlPO's) which 

consist of alternating AlO4- d PO-4-tctrahedra. For both classes of zeoJitic materials, isomorphous 

substitution of transition ( 're x ') metals into the frame-.vork is possible; in this case, the term 'redox 

molecular sieve' was suggested [Sheldon et al. (l 998b)]. 

Figure 2.2 shows the bui11ing units, chemical composition and framework characteristics of re­

dox molecular sieves. Apartlfrom the chemical composition, the framework topology of (redox) 

Framework building 
components: 

Molecular sieves: lsAPOS 

I ALUMINA I 

I 

1
ZEOLI@ 

1 TRANSITION METAL~-+-+------+-------+--------'< 

Redox 
molecular sieves: · 

Examples: 

Framework chllrge: 
Framework type: 

Ion exchange: 
Acid sites: 

IREDOX I s 
TAPSO, etc. 

0, etc. 

neutral negative 
hy~rophilic hydrophilic 

no yes 
no yes 

i REDOX I 

~ 
Ti-ZSM-5 

Al,Ti··~ 
Cr,AI···~, etc. 

negative 
hydrophilic 

yes 
yes 

VS···l, CRS .. ·1, etc. 

neutral 
hydrophobic 

no 
no 

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

zcolitcs is an important characteristic. Zeolite topologies are categorised on the basis of their pore 

diameters into small pore(< 0.4 run), medium pore (0.4-0.6 nm), large pore (0.6-0.8 nm), extralarge 

pore (0.8-1.4 nm) and mesoporous (l.5-10 nm). The pore system can be one-, two- and three­

dirnensional, 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 MO4 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 o1y a small fraction of the silicon(IV) is substituted or the isomor­

phousJy substituted ion is also te~valent. A comprehensive review on titaniwn-substituted zeolites 

was given by Notari (1996). I 

The attention in this work will be focused on redox silicalites as highlighted in Figure 2.2, since 

these materials possess the most interesting propc1ties such as a hydrophobic framework. The ad­

vantage of a hydrophobic framcw k is the preferential adsorption of non-polar organic compounds 

and the exclusion of polar compou ds such as water or polar solvents, which renders these materials 

particularly stable towards leachi . The synthesis of transition-metal incorporated silicates (and 

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

2.1.1.1 Post-!lyntbesis modificationi 

A number of post-synthesis modi~ tions, where the transition metal is introduced into the lattice 

after zeoHte synthesis, have been orted. 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 Th e catalyst.:; have transition metal complexes entrapped in zeolite 

caYities. A number of complexes with various ligands (phthalocyanines, po1ypyridines, aromatic 

Schiff bases, etc.) have been synt sised in zeolites (which must have supercages like zeo]ite X or 

Y) and although some exhibit rem rkably high catalytic activity, their stability is sometimes a matter 

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

Ion exchange As Figure 2 .2 shov,,s, a number of zeolites have ion-exchange properties. The coun­

terbalancing cations can be cxcha~ed with transition metal ions, thereby achieving redox function­

alisation of molecular sieves. Ion ¢(.change in aqueous solutions as well as solid-state ion exchange 

have been reported. However, the ttan~ition met.ti ol),, iously remains highly mobile and the leaching 

stability in polar solvents wil1 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 meta] compounds (such as MeCl;i: or Me(OR).:r:) 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 

zcolitcs, but can also be generated, e.g by dealumination of aluminosilicates or steaming (generation 
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of 'silanol-nests'). After 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 e principle. except that the silanol groups are first reacted with a 

'spacer' (a reactive bifunc onal organic compound), to which the transition metal is subsequently 

bound. The main applicati n of this method is the immobilisation of transition metal complexes on 

zeolitic materials via a che ical bond ( e.g. the covalent attachment of Mn-triazacyclononanes to 

mesoporous silicates [Shel on et al. (1998b )]). 

The advantage of graftipg and tethering methods is that a great variety of transition metals or 

transition metal complexes ban be attached via a covalent bond to zeolite frameworks; the choice of 

transition metals suitable ti incorporation via direct hydrothermal synthesis is more limited. How­

ever, grafting and tethering s rather based on anchoring of the transition metal species to framework 

defect sites; a disadvantag of these methods could be the deposition of TiO2 or an imperfect in­

corporation of Ti. The iso orphous substitution via hydrothermal synthesis ideally offers a perfect 

incorporation of the transitibn metal as MeO4 tetrahedra and should provide a more stable environ­

ment. 

2.1.1.2 Framework subsfitution via hydrothermal synthesis 

Molecular sieves are gene Uy crystalJised from aqueous gels containing a source of the fran1ework 

building clements (Al, Si, see Figure 2.2), a mineraliser (OH-, F-) that regulates dissolution and 

condensation during the cry tallisation, and a stmcture-directing template ( organic amines or ammo­

nium salts). These gels arc en crystallised in autoclaves at temperatures between 80 and 200°C un­

der autogeneous pressure f◄ times varying from several hours to weeks. The synthesised material is 

subsequently calcined at ca.I 500°C to destructively remove the template. Redox molecular sieves are 

similarly prepared by addi~on of redox metal salts or alkoxides during the crystallisation process, 

producing framework substttuted redox metal sites. 

However, for true fram 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. Tlms, 

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, vanadiwn, chromium, 

germanium, tin and zirconium) have been incorporated into zeolite frameworks, mainJy 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 (MO2 )u-phase is formed. Such µ-oxo-oligomers are catalytically inactive or, in the 
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worst case, may catalyz the decomposition of the oxidant. 

In the past years, s troscopic methods have been refined to identify these phase impurities in 

redox zeolites and in so e cases it has been proven that the transition metal was not isomorphously 

substituted in the zeolit framework. To date convincing proof of true incorporation with sufficient 

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

2.1.2 The choice Qf the oxidant 

For the production of fi}e chemicals or pharmaceuticals, the use of 0 2/air is often not possible as 

pointed out earlier. Th , an alternative, more selective oxygen source has to be used. Table 2.1 

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

'Iable 2.1: Oxygen d, mors for fine chemicals oxidation reactions [Sheldon and Dakka (1994)] 

Oxygen donor Active oxygen (v.rt-%) By-product 

H2O2 47 H2O 
N:,O 36.4 N2 
03 33.3 02 

t-BuOOH 17.8 t-BuOH 
CH3CO3H 21 CH3CO2H 
NaC1O2 35.6 NaCl 
NaCIO 21.6 NaCl 
NaBrO 13.4 NaBr 
KHSO15 10.5 KHSO4 
Na1O4 10 Nal03 
HNOa 25.4 HNO2 
PhlO 7.3 Phl 

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

aqueous solution) is the preferred oxidant. The major advantages of H2O2 are: 

• the highest active oxygen content with respect to the weight of the oxidant 

• the only by-prod~t is water, thus making it very environmentally friendly 

• aqueous H2O2 solutions are stable, easy and safe to handle 

• it is readily available and the world market price is expected to decline 

In particular, environmental considerations have focused the attention on aqueous H2O2 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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of a catalyzed liquid-phase oxidation reaction is studied. The transition metal site can principaJly 

form three types of active s cies which then initiate different reaction pathways. The active species 

and reaction pathways are hown 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 

R-OOH + yn-t 

R-OOH + M11 

etal pathway 

M" + 
·ROH 

3. Peroxometal pathway 

RO + M"OH 

s 
SO + M" 

+ H""-ROH 

__ S_.,.. SO + M11-0R 

Figure 2.4: Mechanism of 4atalytic oxygen transfer by transition metals in the liquid phase [Sheldon 
(1997)1 I 

since free-radical chemist does not usually show the necessary selective oxygen transfer and side 

reactions become importan Thus, the active oxidant in the catalytic oxygen transfer process should 

be an oxometal or a perox etal species. Early transition metals (Ti, Zr, Mo, W) react via perox-­

ometal intermediates and 1 c and first row transition metals (Cr, Mn. Fe) form oxometal species. 

, react via both pathways depending on the reaction conditions. One 

major difference between t two pathways is that in the peroxometal pathway there is no change 

in oxidation state of the tr ition metal during reaction; the transition metal acts purely as a Lewis 

acid (for titanium see [Bitt~aru:t---l'l.;.att~nnc~r-lJY'ztlt-and--ffl(ffltSe~te-<)X-ti:ttslfng---peiwe:r-tltt'le-11}ef­

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

the oxomctal 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 liquid phase. With the discovery of many new redox-
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functionalised materials in the past yerut,, characterisation methods have improved and the nature 

and environment of the redox sites in ztj>litic materials is better understood. However, the ultimate 

test for their potential is a catalytic exp~riment with an adequate proof for leaching stability. Al­

though stability is one of the most imirtant conditions for industrial utility, this aspect has often 

been neglected in literature reports. 

If leaching of the metal occurs, it ay or may not be an active homogeneous catalyst in the 

solution. Filtration of the reaction mix eat reaction temperature was suggested by Sheldon et al. 

[Sheldon (1997). Sheldon et al. (1998a, Sheldon et al. (1998b)]: if the reaction continues in the 

filtrate, leaching has taken place and t transition metal is active as a homogeneous catalyst. An 

example of this type ofleaching was fo din reactions with chromium•substituted molecular sieves 

(CrAPO-5 and CrS-1) by Sheldon et al. l(l 998b), where leached chromiwn catalyzed the reactions 

homogeneously. 

A second test for leaching involvesrsting the filtered, regenerated catalyst in further reaction 

cycles. lfleaching has occurred and the ansition metal is not an active homogeneous catalyst, the 

activity of the catalyst in consecutive r ction 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 l~ngevity tests wiH have also have to be performed. 

2.2 Titanium-containing !molecular sieves 

The only cases where extensive testing a+d characterisation have proved that a redox zeolite is stable 

towards leaching is TS-1 and certain 0th$' titanium-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 titanium-substituted silicates when 30% H2O2 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 TiO2-SiO2 mixed oxide and the catalyst is still in in­

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

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

organic hydroperoxides are used. In the presence of water, however, rapid deactivation takes place 

thus hydrogen peroxide cannot be used with this class of catalysts. Furthermore, these catalysts 

d not show good results for other selective organic oxidation reactions. 

1n 1983, researchers at Enichem [Taramasso and Perego (1983)] in Italy succeeded in synthe­

s sing TS-1, a catalyst with the MFI structure containing onJy silica and titanium. The remarkable 

alytic potential of this new material soon became apparent and numerous publications dealt with 

e exploration of the catalytic properties of TS-1. However, initially, the good results obtained 

b the ENI group could not be reproduced by other research groups. It was later confirmed that 

e synthesis procedure is crucial; phase-impurities (mainly TiO2 as anatase) due to poor titanimn 

· corporation can be generated if certain conditions are not fu1:fi11ed. 

nthesis of TS-1 TS- I and other titanium-substituted zeolites seem to be particularly sensitive 

the presence of (TiO2)n-oligomers as they clearly show inferior catalytic properties if the latter 

present. TiO2 impurities are formed through hydrolysis and oligomerisation of the titanium 

urce during its addition to the synthesis gel and in many publications, several reliable synthesis 

p ocedures have now been identified [Martens et al. (1993), Notari (1991), Thangaraj et al. (1992), 

el (1998), Tuel and Ben Taarit (l994a)]. 

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

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

c 11 has repeatedly been reported. 

Another key factor is the purity of the reagents. TS-1 can be obtained from a variety of silica­

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

mp late, tetrapropyl ammonium hydroxide (TPAOH), has to be of a very high purity. Exclusion 

o alkali ions (Na+and K+) 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 

re material. It has been shown that alkali cations poison the titanium sites since the catalytic 

rformance of TS- I decreases as a function of the content of alkali metal cations in the synthesis 

l [van der Pol and van Hooff(1992), Thangaraj et al. (1992)]. 

The crystallite dimensions also influence the catalytic performance. Crystallites larger than 0.2 -

3 µm show lower reaction rates and selectivities due to mass transfer limitations [ van der Pol et al 

( 992)]; this aspect is further investigated in this work. 

Last but not least, the agglomeration of the crystallites is a very important point for industrial 

e as agglomerates of at least 20 - 30 µm are required for industrial use. After initial problems 

16 



2.2. Titanium-containing molecular sieves 

in obtaining glomerates ·of sufficient mechanical stability, a solution has been found with the 

formation of in silica layers coating the crystallites [Clerici (1991)]. A template-silicalite solution 

was used to d sperse the TS-1 crystaHites and subsequent spray-drying and calcination resulted in 

mechanically able agglomerates. 

Structure ofr-1 TS-1 has a two-dimensional pore structure consisting of0.56x0.53 nm straight 

([010] directi ) and 0.55x0.5 I nm sinusoidal channels ([100] direction). Figure 2.5 shows the 

stmcture and re opening of TS-1 in the [O l OJ direction of the straight channels. 

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

Characterisafon of TS-1 After it was established that the quality of a TS- I batch can vary sig­

nificantly due to the many pitfalls in the synthesis procedures, much research effort went into the 

characterisati of TS-1. To date, dozens of publications have dealt with the cvaJuation of various 

physico-che~cal and spectroscopic methods to characterise TS-1. All the techniques described in 

this paragraph I also apply for other titanium-containing molecular sieves. 

The strucnp-e and the degree of crystallinity of molecular sieves can conveniendy be detennined 

by X-ray diffraction. However, phase-inlpurities in the form of TiOrclusters 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 writ cell volwne, 

although the accuracy is limited [Millini et al. (1992)]. A linear increase of the unit cc11 volume 

with titanimn content was found (due to the larger diameter of incorporated TiH). Determination 
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of the microporous ( and mesoporous) volume using BET measurements give further information 

about the ccystallinity 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 

ccystatlites 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 yield no information about the state of the titaniwn 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-·1 

in IR spectroscopy, which was first assigned to Ti=O or Ti-O vibrations. After 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 Ti4+ [Camblor et al. (1993 )]. Winkhofer 

et al. ( 1994) found the same 960 cm-1 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. lt 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 

cm-1 was assigned to the presence of anatase [Deo et al. (1993)]. However, the most powerful 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 ofTiO2 

in the form of anatase show strong absorption at wavelengths above 3 70 nm, minor amounts of Ti 

oxides may yield absorptio11 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 con.finned 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 run 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. lt 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- I, reversible since the original tetrahedral coordination can be restored through calcioa­

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. (l 994b)], and an increase of 

titanium coordination to five or six upon adsorption of ammonia and water bas 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 is an important factot in the development of a reaction mechanism. 

Catalytic properties ofT 1 As demonstrated above, care must be taken during synthesis, and the 

synthesised sample has to characterised extensively especially for titanium incorporation. How­

ever, the ultimate proof for equality of a synthesised catalyst is a catalytic experiment. The hydrox­

ylation of phenol, extensiv ly studied in this work, seems to be particularly sensitive to impurities 

in TS-1 and was suggested a reliable test reaction for the quality of TS-1 samples by Kraushaar­

Czametzki and van Hoo ff ( 1 89). The catalytic properties of TS-1 and the other titanium-substituted 

molecular sieves are discu ed in detail in section 2.3. 

2.2.2 Zeolite titaniur,a beta 

Although TS-1 was certain} a milestone in heterogeneous oxidation catalysis, its medium-size pores 

restrict its use to relatively mall molecules such as linear or simple branched hydrocarbon chains, 

or aromatics with small su stituents. Larger molecules either cannot enter or their mass transfer 

through the pore system mes too slow. 111erefore, a larger-pore titanium containing zeolite is 

of great interest to open th area of heterogeneous oxidation catalysis with aqueous H20 2 to more 

bulky organic molecules. other advantage is the possibility of using tert-butyl hydroperoxide as 

an alternative oxidant; the edium-pore TS-1 is completely inactive with the latter. 

Structure of Ti-beta Anf vim,s candidate for a large-pore titanium-substituted molecular sieve 

is zeolite beta, having a th -dimensional framework and pore openings of 0.76x0.64 nm ([100] 

direction) and 0.55x0.55 n ([010] direction). Figure 2.6 shows the structure and pore opening of 

zeolite beta in the [100] di ction (straight channels). 

Synthesis of aluminium-free zeolite Titanium beta To ensure complete tttaruum mcorporat1on, 

similar prerequisites apply for the synthesis of zcolite titaniwn beta as for TS-1. However, despite 

repeated attempts in many research groups, Ti-beta could only be crystallised in the presence of 

alwninium [Conna 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 bi.functional 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 titaniwn 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: Sch~matic diagram of the BEA structure and pore opening in [100] direction 

increases peroxide Iomposition. Recently, the synthesis of aluminium-free Ti-beta was finally 

achieved [Blasco et . (1998), van der Waal et a1. (1998a), Dartt and Davis (1996)], and it was 

confirmed that a big y hydrophobic, stable material could be obtained [Blasco et aJ. (1998)]. 

Catalytic properties of aluminium-free TI-beta The excellent catalytic properties for this novel 

material have been d onstrated for the epoxidation of olcfins; bulky olefin.5 could be epox.idised 

with both tert-butyl ydroperoxidc and aqueous H2O2 as the oxidant [Blasco et al. (1998), van der 

Waal et al. ( 1998b ), an der Waal and van Bekkum (1997)]. ln the case of epoxidation reactions, 

acid-catalyzed ring- ening of epoxides was minimised and higher epoxide yields were achieved. 

However, no literatu reports on the catalytic activity of Al-free Ti-beta in aromatic hydroxylation 

. The application of Al-free Ti-beta for aromatic hydroxylations was evaluated 

in this work and the lectivities 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 di:f t pore dimensions. Thus, the product distributions in aromatic hydroxyla­

tions using these ma rials can be used to identify shape-selective effects generated by the zeolite. 

The role of the solv t 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 u1tralarge pores was soon sought to oxidise molecules that are too large even for Ti-beta. The 
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so-called MtlS family is a mesoporous class of catalysts with has a hexagonally ordered structure 

and pore o nings ranging from 2 to 10 nm. Figure 2.7 shows the mesopores of a M41S-type 

catalyst. 

.2- 'IOnm. 

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

Synthesis o mesoporons titanium-containing molecular sieves The synthesis ofTi-M41S cat- . 

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

1200 m2/g ere obtained and good titanium incorporation has been proven. However, due to the 

presence of large amounts of defect sites, the framework of Ti-M41S catalysts is very hydrophilic 

and Jeachin of titanium as well as framework instability under reaction conditions has been reported 

by Rhee a Lee (1996) and Chen et al. ( 1997). The two major representatives of this catalyst class 

and Ti-MCM-41, the latter having a slightly more ordered structure. Ti-HMS can be 

t room temperature with C12 - C18 amines as templates, whereas Jong-chain quarternary 

Its and higher temperatures are used for Ti-MCM-41. 

Catalytic Iperties of Ti-HMS (and Ti-MCM-41) Mesoporous titanosilicates have been com­

pared to T 1 and Ti-beta for a number of reactions. A lower activity and peroxide selectivity is 

generally o served 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 amo hous 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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(I 996)] has been reporte.d fen aqueous solutions ofH2O2 were used as the oxidant. Most literature 

reports focus on the use of rganic hydroperoxides such as THBP with mesoporous titanium silicates 

to oxidise very bulky subs tes that cannot be oxidised with TS-1 or Ti-beta. 

Due to their ultra]arge TIOres, no shape selective effects are observed with m~oporous materials 

and they can thus be taken as a 'reference' for non shape-selective reactions over titanium-containing 

molecular sieves. 

2.2.4 Other titaniu~-containing molecular sieves 

The first titanium-substitut d redox zeolite to follow TS-1 was TS-2, a mediwn-pore zeolite with 

MEL topology, a pore size f the same order as TS-1 and very similar catalytic properties. In several 

research reports over the p years, the incorporation of titaniwn in a number of other zeolitic mate­

rials has been claimed. The ynthesis ofTS-48, the titanium analog of the mesoporous ZSM48 and a 

range of amorphous titaniu silicates was reported. Other examples of titanium-substituted zeolites 

are ETS-10 and titanium Z M" 12, which were obtained via hydrothermal synthesis. Post-synthesis 

modifications mainly with iC14 were used to obtain titanium-containing versions of zeolites that 

could not successfully be s nthesised via hydrothermal synthesis; examples are mordenite, zeolite 

X and Y. 

Titanium has also been ncorporated into the framework of many materials based on phosphorus, 

aluminium (APOs, see Fi 2.2) and silica (SAPOs). Few reports on the catalytic properties of this 

class of catalysts are avail le [Hsu and Cheng ( 1999)]. The general problem is the very hydrophilic 

framework TAPOs and TA SOs which limits their application to nonwpolar environments. 

Some of the materials entioned above showed good results for epoxidation reactions, but with 

the exception of TS-2, satiffactory activities and selectivities for aromatic hydroxylation reactions 

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

2.3 Liquid-phas~ oxidations catalyzed by titanium-containing 

molecular sieves 

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 TiwHMS although lower activities and selectivities were reported 

as compared to TS-I. 

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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Figure 2.8: Catalytic propc1ties ofTS-l (redrawn and extended from Sheldon et al. (1998b)) 

How er, catalyst deactivation has been described by Langhendrics et al. ( 1999) and presumably 

occu through strong read.~orption of the epoxides with subsequent formation of high molecular 

weig t compowids in the pores. A solution to the deactivation problem has been found (by the addi­

tion o ammonia in the ppm range) and pilot plants are currently being optimised for the epoxidation 

of pr pylene using TS-1 and 30% H20 2 on an industrial scale. 

:

le amrnoximation of cyclic kctones is another industrially important reaction since the result­

ing imes are easily rearranged to the corresponding cyclic lactmns, the monomers for the produc­

tion f Nylon. Selectivities in excess of 95% at complete peroxide conversion have been reported 

[Th~araj et al. (1991b)] and piJot pJanl~ for the amrnoximation of cyclohexanone with TS-I were 

built. !However, leaching of titanium in the presence of ammonia was observed [Petrini et al. ( 199 l)]. 

A cohols can be oxidised to their respective aldehydes and ketones [Maspero and Romano 

(199 , van der Pol and van Hoo.ff (l · ~)] and even saturated hydrocarbons can be oxidised in 

the Ii id-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 ti ofhydroquinone and catechol using 30% H20 2 was operated for a decade 

in Ravenna, Italy. The ydroxylation of phenol and other aromatics was thoroughly investigated in 

this work and a brief o --rview of the existing literature reports is given below. 

2.3.l Hydroxylat;on of phenol 

Since the process was tatented [Taramasso and Perego (1983)], the phenol hydroxylation has re­

ceived much attention i the literature and many reaction parameters have been investigated to opti­

mise the catalytic activity and selectivity. 

In the early work o the reaction, phenol hydroxylation was identified as a suitable test reac­

tion for the quality of e TS-1 catalyst batch [Kraushaar-Czarnetzki and van Hooff (1989)). The 

selectivity towards the ·hydroxybenzenes and the peroxide efficiency are very sensitive towards 

incomplete titanium i orporation and/or the presence of TiO2 impurities. This aspect was used 

again later when the E pean Association of Catalysis launched a collaborative research project 

for the standardisation f TS-1. T11e synthesis. characterisation and catalytic properties of a stan­

dard EUROTS-1 cataJ st 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 ph ol hydroxylation was found to be dependent not only on the quality of the 

catalyst but also on a n mber of other parameters such as reaction temperature and -time. amount of 

catalyst, amount and n e of solvent, phenol/H20 2 ratio and method of H20 2 addition. 

Although many oftpese parameters have been studied in various publications, a comparison of 

the results obtained is tjften difficult due to the different reaction conditions chosen by the authors, 

and some of the conc1u$ions found in the literature are contradictory. 

Thangar~j et al. (19 I a) reported the fonnation of para-benzoquinone, the consecutive oxidation 

product of bydroquinon , only for reaction temperatures below 43 °C. The analysis method, however, 

was GC analysis and t e fonnation of para-benzoquinone during GC analysis was reported at low 

ffect is described in more detail in section 3.4.3. In more recent publications, 

most authors do not rt the formation ofpara-benzoquinone. 

One of the most intboosting and most studied aspects of the phenol hydroxylation catalyzed by 

TS-1/H2O2 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-I results in the expected increase in activity, but no effect 

on the product distribution was observed [fhangaraj et al. (1991a)]; the selectivity of the reaction is 

thus rather insensitive towards the titanium content of the catalyst. 
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l 
strong influence of reaction time and catalyst concentration on the product distribution has 

be found [Thangaraj et al. ( 1991 a)]; more of the para-isomer was formed with increasing reaction 

tim and increasing catalyst concentration. Both these effects are very likely to originate from differ­

entjhenol conversions. The selectivity strongly depends on phenol conversion and several authors 

hav reported a shift towards more hydroquinone with increasing conversion. Selectivities can thus 

onl be compared at the same conversion levels and the conclusions in some reports do not take this 

into account 

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

on e solvent used. 111 protic solvents. hydroquinone is the preferred product. whereas catechol is 

pref; rentially formed in aprotic solvents. Thangaraj et al. (1994) tested various protic and aprotic 

solv nts for the phenol hydroxylation with TS-l/H2O2 and fowid an increase in phenol conversion 

wi the polarity of the solvent. An explanation for this trend would be adsorption effects: the 

hobic environment in the TS- I pores leads to preferential adsorption of non-polar compounds 

ith increasing polarity, less solvent and more phenol could be present in the pores. However, 

no sorption study of phenol and other aromatics in different solvents can be found in the literature 

presented in this work for both TS- l and Al-free Ti-beta. 

atisfactory peroxide efficiencies and high reaction rates have only been obtained for water, 

mett,.anol and acetone as the solvents. This can be accounted for by TS-1 catalyzed solvent oxida-

water and acetone are inert, whereas the relatively rapid oxidation of alcohols to their respec­

tive ldehydes or ketones has been reported [van der Pol and van Hooff {1993)]. The exception is 

met nol, which is converted to formaldehyde, formic acid, dimcthyether and CO/CO2 at a very 

low eaction rate [Maspero and Romano (l 994)]. For bulky solvent molecules such as longer-chain 

keto es or tert-butanol, the reaction rates decrease probably as a result of preferential adsorption of 

thes solvents, causing a significant reduction of the space available for reaction in the pores. Shape 

sel tivity through space restrictions in the TS-1 micropores is generally invoked to explain for the 

R] 

(h 

(h 

I (hi 

para-selectivity compared to homogeneous processes; a comparison of some processes for 

ydroxylation of phenol using H2O2 is given in Table 2.2. Although a shape selectivity effect is 

Table 2.2: Industrial processes for the hydroxylation of phenol with H2O2 [Notari (1988)] 

Process Reagents/method Xphenol % Sphenol % Su202 % p/o ratio 

tone-Poulenc I Fe2+i Co2+ 5 90 70 0.7-0.8 
Pmogeneous) • Radical catalysis (Fenton-type) 
Brichima HCIO4, H3PO4 10 

I 

80 50 0.4-0.5 
1>mogeneous) Acid catalysis 
Enichem TS-I 30 

I 
92 82 0.8-2.0 

I terogeneous) continuous fixed-bed 

undoubtedly present in TS-1, no systematic study of this aspect is found in the literature. Titaniwn-
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containing molecu+u' sieves with mediwn, large and ultralarge pores (TS-1 -+ Al-free Ti-beta-+ 

Ti-HMS) were con~pared in this work and conclusions in terms of shape selectivity were based on 

the product distribytions obtained. As the shape selectivity observed in TS-1 can be enhanced by 

the solvent, the infliience of the latter in the different pore environments was also investigated in this 

study. 

Not only the co centration of the reactants and products, but also their transport properties in the 

pore system are of eat importance. Thls key parameter W'dS identified by van der Pol et al. ( 1992), 

who investigated e influence of the crystal size on the catalytic activity of TS-1 in the phenol 

hydroxylation with H2O2• These authors found that the reaction was strongly mass transfer limited if 

the crystal size is 1 r than 0.3-0.4 µm, which they attributed to very low intracrystalline diffusivity 

values for phenol · TS-1. Their observation was based on a kinetic study and the calculation of 

the Thiele modulu~ for TS-1 samples of different crystal sizes, but the diffusivity values had to be 

estimated. In contrtt, the present study docwnents the measurement of intracrystall.ine diffusivities 

of phenol and othe aromatics in TS-1 and Al-free Ti-beta using two different methods. Values for 

the counterdiffusio of aromatics in these catalysts ( using different solvents) are not yet reported in 

the literature. 

The use ofve smaJl crystals to avoid mass-transfer limitations in aromatic hydroxylation reac:­

tions implies that other parameter becomes important: the external surface of the catalyst particles. 

The desired shape elective effects are not present on the external smface as the reaction on external 

surface sites is not limited by geometric constraints generated by the microporous structure. Ad­

ditionally, external reactive centres are eJq>osed to the concentrations in the bulk solution, which 

can be different m the concentrations present in the pores as pointed out earlier. The role of the 

external surface in e phenol hydroxylation over TS-1 was subject of a study by Tuel et al. (1991). 

These authors use a non-calcined catalyst for a phenol hydroxylation experiment in methanol and 

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

was that catechol i almost exclusively formed on the external surface. A more pronom1ced shift 

towards more hy quinone with increasing conversion was observed in methanol than in acetone 

as the solvent. Thi was explained by a poisoning of the external surface with tars in the course of 

external sites are preferentially producing catechol and are poisoned dwing re­

action, more hydr uinone is observed with increasing phenol conversion. In acetone as the solvent, 

the external surfac 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, if a 

non-calcined catalyst is taken for a catalytic experiment, the role of the template, still in the pores 

and possibly also on the external swface, is tmclear. A different approach is presented in this work: 
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instead ofteventing reaction in the pores by blocking the latter, deactivation of the external surface 

by Si02 d sition using a CVD technique was applied to discriminate between external and internal 

activity of S-L 

An int resting detail is the dependence of peroxide efficiency and product distribution on the 

method ot peroxide addition as reported by Thangaraj et al. ( 1991 a). Drop-wise addition of the 

H20 2 solu · on resulted in higher peroxide efficiencies and hydroquinonc selectivities than addition 

of the wh le amount in one portion. Thus, low concentration levels of hydrogen peroxide favour 

hydroqui ne formation and decrease peroxide decomposition. A patent describing a continuous 

phenol hy roxylation process with multi-stage H20 2 addition into the catalyst bed is based on this. 

concept [Rjatnasamy and Sivasanker (1996)]. 

The in1luencc of many parameters such as the reaction conditions, quality and crystal size of 

the TS-I pie etc. renders a comparison of literature data difficult; in some cases, important in­

formation s not given in the reports. Table 2.3 shows a selection of literature results for the phenol 

hydroxyla · on over TS-1 with aqueous H20 2 . Higher para-selectivities are generally reported in pro­

tic solven , although the reported values differ substantiaJly. This overview of the literature clearly 

demonstra s that phenol hydroxylation over TS-1/H20 2 is by no means a simple reaction. Although 

this reacti has been the subject of numerous publications and has been running on an industrial 

scale for ny years, a detailed reaction mechanism explaining the activities and selectivities ob­

served is t yet reported and many aspects such as the influence of the external surface are not yet 

fully unde tood. 

2.3.2 Qther aromatic hydroxylations 

Other sub tituted benzenes and benzene itself can also be hydroxylatcd over TS-1 with aqueous 

H202. L er aromatics such as substituted naphthalenes seem too bulky to enter the TS-1 pores 

under mil reaction conditions. If the benzene ring has more than one substituent or the substituent is 

too bulky, ow reaction rates were observed [Bhaumik and Kumar{1995)1 Vayssilov et al. (1997), Wu 

et al. ( 199 )], presumably due to mass transfer limitations. In the hydroxylation of alkylbenzenes, 

Wu et al. 1998) obsen'ed that the reaction rates decreased in the order toluene>> ethylbenzene > 

cumene. ese authors also presented the only study of transport properties of alkylatcd benzenes 

in TS-I. yssilov et al. (1997) investigated the hydroxylation of toluene, ethylbenzene, and 1- and 

2-propyl- nzene over TS-1 with H20 2 . For toluene, only ring hydroxylation was observed whereas 

Substituted benzenes with electron-withdrawing groups do not react [Hoft et al. (1996)), indi­

cating that deactivated aromatic rings cannot be hydroxylated with TS-l/H20 2 under mild reaction 

conditions. 
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Table 2.3: Literature data for TS-1/H2O2 catalyzed phenol hydroxylation 

T solvent Xph Xll202 ~ SH202 p/o Experimental conditions Ref. 
[oC] [%] [%] [%] I 
70 water 17.2 85.0 : t.44 I tR = 6 h, 20 g solvent, Thangaraj - -

methanol 16.9 - - 79.0 2.69 1 g TS-1 (Si/fi=33), et al. 
acetone 16.2 - - 82.0 0.941 phOH/H2O2 = 5, (1994) 
t-butanol 10.0 - - 48.6 • 2.91 1 2.5 g H2Oi 

2-butanone 8.4 - - 43.0 0.671 

acetonitrile 9.0 - - 48.0 0.931 
• 

80 methanol 31.8 83.0 - - 2.7 tR = 6 h, 28 ml solvent, Kulawik 
0.5 g TS-l(Si/fi=48). et al. 

9.4 g phOH, 4.4 ml H20i (1994) 
80 acetone 24.0 - - - 0.2 0.4 g TS-l(Si/Ti=40), Astorino 

10 g phOH, 4 ml H2O2 et al. 
(1995) 

70 methanol 18.0 - - 89.0 2.0 tR = 6 h, 15 ml solvent, Tuel 
0.5 g TS-1, 9.4 g phOH, et al. 

i 2.4ml H2O2 (1994) 

I 
80 acetone 21.4 - - - 1.1 ! l g phOH, 8 g solvent, Kwnar 

! 0.2 g TS-1 (Si/fi==27) et al. 
(1994) 

70 ethanol 20.0 - - 95.0 1.9 tR = 1 h, 20 ml solvent, Tuel 
0.5 gTS-1(Si/Ti=I09), et al. 
9 .4 g phOH, 2 ml H202 (1996) 

80 methanol - - - 92.0 2.l tR = 2 h, 15 ml solvent, Tuel 
0.5 g TS-l(Si/fi=25), et al. 

9.4 g phOH, 2.3 ml H2O2 (1994) 
60 ethanol - 100 89.0 93.0 2.0 tR = 3 h, 16 ml solvent, Tuel 

0.5 g TS- I (Si/Ti=S0 ), et al. 
9.4 g phOH, 2.3 ml H2O2 (1998) 

57 acetone 24.6 - - 75.0 0.75 tR= 6 h, Thangaraj 
2-butanone 14.4 - - 43.0 0.621 TS-l(Sin'i=23)/phOH = 0.1, et al. 
acetonitrile 15.3 - - 48.0 0.621 phOH/fbO2 = 3 (1991) 

I 2s 
methanol 25.2 - - 8LO 1.86 
acetone 30.0 - - 81.0 0.922 

: 100 acetone/H2O 27.0 100.0 91.0 82.0 1.0 tR = lh, 20.7 gphOH, Martens 
69 methanol 21.0 - 66.0 - 2.51 0.72 g TS-1 (Si/Ti=35), et al. 

6.8 g solvent, 5.46 g H2O? (1993) 

• 60- methanol 20.0 100.0 91.0 70.0 1.85 phOH/H2O2 = 3.3 - 5 Perego 
100 acetone 26.1 100.0 92.0 80.0 0.75 TS-l(Si/Ti=40) et al. 

(1990) 
1major amounts of para-benzoquinone reported; 1H2O2 (30 - 35% solution in water) was i}ljected 
dropwise over 10 - 60 min 
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2.3. Liquid-phase oxidations ci1talyzed by titanium-containing molecular sieves 

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 tripbase 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 adsolJ)tion 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- l/H2O2 catalyzed anisole and toluene hydroxylation 

I substrate · solvent I X,1 I XH2o2 I S.4 I SH2o2 I %0 I %m I %p I p/o I Ref. 

anisolc I acetone 111.9 98 190 73 I 64 - 36 l.78 Perego 
toluene 

I 
acetone I 7.1 98 90 65 15 15 70 4.67 et al. (1990)1 

water 7.5 98 . 85 65 26 29 45 1.73 
anisole methanol 5.9 19.l I - - 35 - 65 1.8 Kulawik 

etal. (1994)2 
anisole acetone 42.2 - - 43.5 66.6 - 30.3 0.45 Kumar 

methanol 45.2 - - 46.2 31.8 - 67.2 2.11 et al. ( 1998)3 

t-butanol 38.0 - - 40.4 24.4 - 74.0 3.03 
water 66.5 -

I 
- 67.9 25.6 - 72.3 2.82 

toluene acetone 5.5 - - 5.6 69.7 - 28.4 0.41 
water 14.8 - - 15.2 41.4 - 55.9 1.35 

anisolc acetonitrile / 42.2 100 

I 
- - 66.6 - 30.3 0.46 Bhaurnik 

water . 66.5 100 - - 25.6 - 72.3 2.82 et al. (1995)4 

toluene . acetonitrile I 5.5 · 100 - - 69.7 - 28.4 0.41 Ratnasamy 
· water • 14.8 , 100 I - - 41.4 I - 55.9 1.35 et al. (1995)4 

toluene 1 water 
I 

- 100 - - 25 ! 30 45 1.8 Marchal , 

i et al. (1993)5 J 

anisole · acetonitrile I 7.5 - - 37.5 55 - 45 0.82 Kumar ! 
· methanol · 9.0 -

I 
- 45.0 60 - 40 0.67 etaJ. (1999)6 • 

I I water I 17.5 . - - 87.5 25 - 75 3.0 i 
1T = 60 - I00°C, aromatic/fh02 = 0.1; 2tR = 4 h, T = 80°C, 20 g solvent, 1 g TS-l(Si/Ti=48), 20 
g phOH, 4 ml H202; 3T = 60- 80°C, IO mmol aromatic., 10 mmol H20 2 , 0.2 g TS-l(Si/fi=30), tR 

= 6 - 12 h; 4T = 80°C, 10 mmol aromatic, l 0 mmol H202 , 0.2 g TS-l(Si/Ii=30), tn = 6 - 16 h; 11T 
= 80°C, 10 ml solvent, 0.5 g TS-1 (Si/fi=50), 0. l mol aromatic, 0.02 mol ff:20 2; 6T = 80°C. 54 g 
solvent, 0.1 mol aromatic, 2.1 g TS-1 (Si/fi=32), 0.02 mo) H 20 2 ; 
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In this work, only reactions where exclusive ring hydroxylation occurs were investigated, e.g. 

the anisole and toluene hYf1roxylation, using the same approach as for the phenol hydroxylation. 

Table 2.4 shows literature tesults for the hydroxylation of anisole and toluene. 111e results for the 

anisole and toluene hydro1'1ation reported in the literature, particularly the effect of the solvent on 

the product distribution, s~w considerable inconsistency. 

The role of the externa surface has not yet been investigated in the literature and no compari­

son to a larger pore titani -containing zeolite, which could identify shape selectivity effects, has 

been reported. Solvent e ts were also examined and a reaction mechanism consistent with tbe 

experimental results was d velopcd. 

For the catalytic propepies of Al-free Ti-beta in aromatic hydroxylations. no data is cWTently 

available in the literature a4d the application of this novel catalyst for these reactions is evaluated. 

A very interesting and otential industrial application of A1-free Ti-beta is the hydroxylation of 

naphthalenes to their corre ponding naphthoquinones. The f easibi1ity of this reaction was demon­

strated by Anunziata et al. 1999), who studied the conversion of 2-rnethyl-naphthalene to 2-methyl­

l ,4-naphthoquinone over tanium- and iron-substituted large pore zeolites and mesoporous mate­

rials. This reaction and th hydroxylation of 1-naphthol with aqueous H2O2 was examined in this 

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

2.4 Adsorption ,r hydrocarbons on microporous solids 

One of the most interesti properties of zeolites is their ability to selectively adsorb molecules, 

which leads to an accumul ·on of preferentially adsorbed compounds in the pore system. In the case 

of titanium-substituted sili alites such as TS- I and Al-free Ti-beta, their hydrophobic framework is 

expected to preferentially sorb non-polar compounds. 

Without knowing the cyncentrations in the pores, it is difficult to eva1uate 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) Jiquid-phase adsorption of reactant~, 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 inet1 material on the external surface. 
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2.4.1 Gas-phase adsorption 

The chromatographic method is a we11-establishe.d technique to detennine adsorption constants of 

hydrocarbons in microporous and mesoporo~ materials. The method consists of the injection of a 

hydrocarbon pulse into a column packed with ltbe adsorbing material at elevated temperatures. The 

first and second moment of the response peak fan then be used to calculate the adsorption constant 

and the diffusivity of the tracer compound in e zeo1ite pores, respectively. This work deals only 

with liquid-phase reactions, and thus the aim f 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 chromatograp · c technique, it could be shown that the pores of 

silicalite-1 can be narrowed through silica osition on the external surface to an extent that 

branched paraffins were excluded from ente · g the pores [Sealy and Moller (1998)], whereas lin­

ear alkanes were still strongly adsorbed. Tow , this technique is an appropriate tool to characterise 

pore mouth narrowing upon silanisation. Fr the response of the pulse-injection of 50 - 100 µ1 of 

saturated hydrocarbon vapour (1 - 4 µmol), th first moment µ1 can be calculated by integration of 

the FID detector signal. From the first moment, the Henry's constant of the tracer compound on the 

solid can be determined: 

-1:xi C(t) · t · dt L t 
µ1 = 

0 
Jo"° C(t) . d = :; (£at + (1 - Eext)K) (2.1) 

The adsorption isotherm is assumed to be in t~e linear region. hence Henry's law is valid: 

(2.2) 

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

using the first moment: 

2 _ fa°° G(t) · (t - µ1)2dt 
a = Jt C(t) · dt 

(2.3) 

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

(2.4) 

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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also soJvents are sent in the system. The adsorption of reactants and products was therefore 

measured in TS-1 d Al-free Ti-beta using different solvents. Adsorption constants in the liquid 

phase were detenn ned by means of a batch and a chromatographic technique. Langhendries et al. 

( 1999) highlighted e importance of the adsorption properties of reactants and products in liquid­

phase epoxidation eactions over TS-1 and Al-free Ti-beta using the same experimental technique 

that was used in th s work. Surprisingly, a systematic study of the adsorption of aromatics in TS-1 

and Al-free Ti-beta with different solvents is not available in the literature. 

2.5 Intracrlfstalline diffusion of hydrocarbons in microporous 

solids 

Kinetics of heterogFDeous chemical reactions in microporous solids can be influenced either by the 

reaction itself or b the mass transport of the reactants or products. The phenol hydroxylation over 

TS-1 was identifi as a strongly mass transfer limited reaction by van dcr Pol et al. (l 992) for zeolite 

crystals larger tha 0.3 JJ.m. However, the intracrystalline cliffusivities were estimated through the 

calculation of a rel tive Thiele modulus for different crystal sizes. No reliable data for the diffusion 

of aromatics in TS and Al-free Ti-beta in the liquid phase are available in the literature. This work 

presents a study e intracrystalline counter-diffusivities of various aromatics in TS-1 and AJ-free 

Ti-beta in the ct· nt solvents used for reactions. Together with kinetic data from catalytic reaction 

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

crystal size. 

2.5.1 The liq~id-phase ZLC method 

The zero length clumn (ZLC) method of measuring micropore diffusivities in microporous solids 

was first introdu by Eic and Ruthven ( 1988) for gas-phase adsorption systems. Many more 

publications follo ed and useful and consistent data can be extracted from the model, which has 

been continuously improved since the establishment of the technique. One of the advantages of 

the technique is it simplicity. The ZLC technique depends on following the transient desorption 

curve when a very all sample of zeolite crystals (a bed of 'zero length'), presaturated at a known, 

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

conditions such that the desorption rate is controlled 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-
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ficult. Ruthven and SfaPleton (1993) presented the first extension of the ZLC method to liquid 

systems, and this was ~llowed by an improved modelling of the system by Brandani and Ruthven 

(1995). These are to d te the only publications that deal with liquid-phase systems using the ZLC 

technique. In a gaseou system, because of the low molecular density, neglect of the external (ftuid­

phasc) hold-up is gene Uy a very good approximation and it is possible to use a very simple model 

to interpret the expd enta1 desorption curves. In liquid-phase adsorption systems the hold-up in 

the external fluid is of ipuch greater importance and can be of the same order as that in the adsorbed 

phase. Another probl is that the sensitivity of the available detectors is not as high in the liquid 

phase as in the gas ph . Careful characterisation of the system with special attention to the blank 

response is thus nece ry. The (original) ZLC model is derived from the following equations, as­

suming spherical catal st particles, the validity of Henry's law and Fick's second law of diffusion, 

and a well-mixed ( diffi rential) adsorber: 

Solid-phase (sorbat~ bed) mass balance using Fick's second law in spherical coordinates: 

Fluid-phase mass b~lance: 

with the initial conditions 

aq = D (lPq + ~aq) 
at 8r2 rar 

q(r, t = 0) = K · Co 

C(t = 0) = Co 

and the boundary c~nditions, assuming the validity of Henry's law (linear isotherm) 

q(r = Re, t) = K · C, 

(!!!.I.) - 0 
81· r=O -

(2.5) 

(2.6) 

(2.7) 

(2.8) 

With a negligible itj erstitial fluid hold-u , tlk.,ge equations can be solved to yield the relation for 

ZLC desorption curves: 

C = 2L ~ exp(-/3;.(D/R~)t) 
Co ~ fi~+L(L-1) 

(2.9) 

where 

L = character-istic diffusion time _ FR~ _ €utVJR~ 

characterilitic con·uec:tion&adsorption time 3VaK D 3(1 - cezt)LmtK D 
(2.10) 
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and /Jn is given by the roots of 

113ncot(f3n) + L - 1 = 0 (2.11) 

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

account: 

C 2L · e:1:p(-fir(D/ R~)t) =--~-----
Co /Jr + L( L - 1) 

(2.12) 

for large values of L, i.e.for sufficiently high purge flow rates and with fi1 ~ 1r for long times, 

this can be written as 

(C) 2 ln Co ~ ln(z) (2.13) 

Under these conditions, the desorption is controlled by intracrystalline diffusion to the crystal 

surface. The diffusional time constant D/R2 and the parameter L can then be extracted from the slope 

and intercept of the ZLC desorption curve in a semi-logarithmic plot of C/C0 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, /Ji -+ 3L and the 

desorption curve becomes 

( C) -£8 ;rfV[ • t 
ln Co = (l - C:ext)KLco.t 

(2.14) 

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 Moller (2001) presented a study about the main diffusion path length in 

ZLC desorption curves using non-spberica1 crystals and a crystal size distribution, respectively. For 

slab-shaped crystals, the crystal radius Re 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 Moller 

(2001), Eic and Ruthven (1988), Cavalcante Jr. et al. (1997), Karger and Ruthven (1992), Ruthven 
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et al. (1991), Ruthven ~nd Stapleton (1993)]. 

2.5.2 The liquid-phase pulse method 

The liquid-phase pulsel method relies on the same principles as the ZLC method described above 

and the same assumpti~ns are made. Instead of following the transient desorption curve after a step 

input, the response oftulsc of saturated hydrocarbon solution is monitored. Mathematically, the 

pulse method can be ribed as the time derivative of the ZLC method. The pulse model relies 

on the same assumptio s and is derived in a similar way as the ZLC model: a detailed derivation 

is described elsewhere [Schwan (2001)]. In principle, the same problems are encountered a.~ for 

the ZLC method, and · particular the axial dispersion can be a problem. However, application of 

the pulse method is m e limited: the zeolite has to strongly adsorb the tracer compound and the 

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

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

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

2.6 Inertisation of the external surface sites of microporous 

solids 

Diffusion limited reacti ns are common especially with microporous solids in the liquid phase; this 

aspect was further inv ti gated in this work. The application of nano-sized catalyst crystallites offers 

a solution to overcome mass transfer limitations in heterogeneously catalyzed reactions. However, 

small catalyst particles have a significant portion of the active sites located at the external surface 

where no shape selec vity effects take place. Figure 2.9 shows the calculated ratio of external 

surface area to total s ace area for TS-1 as a function of crystal size, assuming spherical particles 

with a perfectly smoo surface (Statcll for TS-1 taken from the t~plots of BET measurements). Due 

to surface roughness. t real values are expected to be higher. 

Generally, when a uolite 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 SiO2 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 thennally 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- l particles 

2.6.1 C~emical vapour deposition (CVD) of tetraethoxysilane (TEOS) 

The chemic vapour deposition (CVD) of silanes on zeolitic alurninosilicates, especially ZSM-5, is 

a wcll-estab shed technique for inertising the acid sites on the external surface [Wang et al. (1988)]. 

For external surface site inertisation, a silanc with a kinetic diameter larger than the pore openings 

of the zeoli is chosen, e.g. tetraethoxysilane (TEOS). Silica deposition proceeds via chemical 

reaction of OS molecules with active sites at the external surface, which can be either Bmnsted 

acid sites [ u et al. (1989), Weber (1998)], silanol groups [Bartram and Moffat (l 996), Sealy and 

Moller (199 )] or other surface sites, as described in detail by Impens et al. (1999). The inertisation 

may lead to · mprovement in selectivity towards the product with the smallest kinetic diameter, as 

was observe in the toluene disproportionation to benzene and xylenes over H-ZSM-5. A cycle-wise 

CVDdeposi ion ofTEOS on H-ZSM-5 was described by Roger et al. (1998) and Ceijkaet 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 [Roger et aL { 1998)]. 

In this work, CVD ofTEOS was used to inertise the external surface ofTS-1. At low temper­

atures (RT - 200°C), TEOS molecules react with external sw-face groups; the remaining organic 

groups arefbsequently combusted in a high-temperature calcination step. Figure 2.1 0 shows a 

schematic d wing of the possible interactions of a TEOS molecule with TS-I. 

The ex al 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 SiO2 deposition with a controlled narrowing of the pore mouth 

36 



I 
o, 
---,s1-
o, 

-Tl-OH· 
I 

o, 
-SI-OH ·· 

I 
0 

\ 

2.6. lncrtisation ofthc external surface sites ofmicroporo11s solids 

l?,o.J l ✓Si, ,o 9 / 
'-o✓f-o·lo·i'o/ 

+ 
/"'---oH 

500°C ► 
air 

Figure 1.10: Possible reaction ofTEOS with TS-1 external surface groups 

• non-selective deposition with a rapid build-up of an amorphous silica layer, resulting in pore 

blockage 

The key parameter to a selective deactivation of the external surface is the CVD temperature . At low 

temperatures, small amounts of silica are deposited and a selective reaction of the silane with reactive 

centres at the external surface takes place. The pore entrances arc ideally completely unatfocted 

under such conditions. If the procedure is repeated often enough or the temperature is increased 

carefolly, a controlled narrowing or partial blockage of the zeolite pores can be achieved. ln this 

case, desired shape-selective effects of the zeolite can be enhanced without a significant increase in 

mass transfer resistance. At high temperatures, large amounts of silica are deposited and the silane 

starts to oligomerise at contact with the external surface; in this case, progressive blocking of the pore 

mouth takes place on a large scale. If the TEOS deposition is done at a low temperature, selective 

reaction with surface defect sites can be expected. After reaction, the remaining alkoxy groups of 

chemisorbed TEOS molecules are removed through a calcination step at a high temperature in air. 

At low temperatures and low TEOS partial pressures, the deposited amount is also low and the 

procedure bas to be repeated a number of times. In this work, the ain1 was a selective deactivation of 

the external surface ofTS-1 without affecting the pore opening of the zeolite since additional mass 
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transfer resistances are not desired. The cycle-wise deposition technique allows for monitoring of 

the inertisation process. After a number of TEOS deposition cycles, TS-1 was tested for it-, catalytic 

properties in an aromatic hydroxylation reaction and for pore mouth narrowing by adsorption of 

compounds with a kinetic diameter close to that of the pore openings. Whereas many reports on 

external surface silica deposition on the isostrnctural ZSM-5 arc available, this technique has not 

yet been applied to TS-1 . The influence of a selective external surface silanisation on the catalytic 

properties ofTS-1 is presented in this work. 
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Chapter 3 

Experimental methods 

3.1 Catalyst synthesis and preparatory treatment 

The importance of the synthesis procedure and the purity of reagents used were described earlier. lo 

this work, only well-established synthesis procedures were used and all catalyst samples obtained 

were extensively characterised. Since it is known that even trace amounts of alkali ions in the 

template have to be avoided (see section 2.2.1), template solutions from various suppliers were 

tested for their alkali content prior to use. It was found that the majority of commercially available 

template solutions contained high amounts of alkali ions (up to 10000 ppm). The alkali content in 

all templates used for synthesis in this work was less than 50 ppm as confirmed by AAS. 

3.1.1 Titanium silicalite-1 (TS-I) 

Large crystals of TS-1 

Large crystals of TS-I (Si/Ti= 34) were synthesised according to the procedure of Milestone and 

Sahasrabudhe ( 1999). A typical synthesis mixture consisted of I g SiO2 (Aerosil 200), 0.5 g TPABr, 

1.6 ml of tctrapropylammonium hydroxide (TPAOH, 40 % solution in H2O), 0.6 g NH4 f: 0.11 g 

(NH4hTiF6 and 20 ml of deionised water. The salts and the TPAOH were dissolved in the water 

and Aerosil added and mixed until a homogeneous gel was obtained. The molar composition of the 

initial mixture was as follows: 

0.034 TiO2 : I SiO2 : 66.93 H2O: 0.47 TPAOH: 0.11 TPABr: 0.98 NH4F 

The synthesis mixture was autoclaved in teflon-lined stainless steel autoclaves and heated stat­

ically at autogeneous pressure at l 70°C for 48 h. After crystallisation, the solid was recovered, 

washed with deionised water, dried and calcined in static air at 550°C for 8 h to remove the tem­

plate. 
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Small crystals of TS-1 

Small crystallites of TS- I were synthesised (Siff i = 34) according to the method described by 

Thangaraj et al. (1992) . In a typical synthesis, 24.4 g of tetraethyl orthosilicate (TEOS) washy­

drolysed with 29.3 g of TPAOH (20 % solution in H:2O). A solution of 1.23 g tetra butyl orthotitanate 

(TBOT) in 5.55 g of dry isopropyl alcohol was then added drop-wise. Subsequently, 9.8 g ofTPAOH 

solution and 22.76 g of deionised water were added. Before autoclaving, the reaction mixture was 

heated to 80°C to remove the alcohol. The molar composition of the initial mixture was as follows: 

0.035 TiO2 : l SiO2: 25 f12O : 0.32 TPAOH: 0.77 i-PrOH 

This gel was then heated statically in Teflon-lined stainless steel autoclaves at autogcneous pres­

sure at 170°C for 48 h. The resulting solid was recovered, washed with deionised water, dried and 

calcined in static air at 550°C for 8 h to remove the template. 

3.1.2 Aluminium-free zeolite titanium beta 

Large crystals of Al-free Ti-beta 

Aluminium-free zeolite titanium beta was synthesised according to a procedure adopted by Blasco 

et al. ( 1998). In a typical synthesis, 80 g of tetmethyl orthosilicate (TEOS), 91.26 g oftetraethylam­

monium hydroxide (TEAOH, 34.8% in H2O), 15.45 g of hydrogen peroxide solution (30% in water) 

and 1.42 g deionised water were mixed in a polypropylene beaker under magnetic stirring. This so­

lution was kept stirring for 2 hat 25°C for complete hydrolysis of the TEOS. To this solution, 3.50 g 

of tetraethyl orthotitanatc (Ti(OEth)4 ) were added dropwise under stirring. The titanium source was 

added directly from the bottle to avoid pre-hydrolysis and thus TiO2 formation. The titanium source 

dissolved to yield a yellow. clear solution. The solution was kept stirring at 25°C until the ethanol 

formed during hydrolysis ofTEOS and Ti(OEth)4 was evaporated. This process takes several hours, 

but can be accelerated by beating the solution to 50-60°C and using a gentle purge flow of nitrogen. 

The resulting solution was loaded into Parr general purpose bombs with 24 ml teflon liners. 10.78 

g of hydrofluoric acid (40% in water) was added to the solution dropwise and slowly and a yellow, 

solid gel was obtained. During the evaporation of the ethanol, water was also evaporated and before 

autoclaving, the water loss was compensated by adding deionised water to obtain a gel with the 

following molar composition: 

1 TiO2 : 25 SiO2 : 14 TEAOH: 189 H2O: 14 HF 

This gel was heated at 140°C for 20 days under rotation (60 rpm). The resulting solid was 

filtered on 0.45 Jtm Millipore filters and washed intensively with deionised water. The product was 

then dried and calcined in static air at 550°C for 8 h to remove the template . 
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Small crystals of Al-free Ti-beta 

The synthesis procedure of smaller crystals of AJ-free Ti-beta was identical to the one for larger 

crystals except that dealuminated (nanoscale) zeolite beta seeds were added to the final synthesis gel 

just before autoclaving. For seeding, 0.05 g dealuminated nanoscale zeolite beta seeds were added 

per gram of gel. The gel was heated at 140°( for 72 h under rotation (60 rpm). 

Synthesis and dealumination of nanosca)e zeolite (Al-) beta seeds In a typical synthesis, 40 g 

oftctrnethyl orthosilicate (TEOS), 45.24 g ofTEAOH (40% solution in H20), 1.85 g of AlCl3 ·6H2O 

and 4.33 g deionised water were mixed in a polypropylene beaker under magnetic stining. This 

solution was kept stirring for several hours at 25°C until the ethanol formed during hydrolysis was 

evapornted. The resulting gel was loaded into Parr general purpose bombs with 24 ml teflon liners. 

The molar ratios given below refer to the molar composition of the final gel before autoclaving: 

SiO2 : 0.04 Al : 0.56 TEAOH: 6.5 H2O 

This gel was heated at l40°C for 72 hat autogeneous pressure. After crystallisation, the mixture 

was centrifuged at 18000 rpm for 30 min to separate the gel-type solid from the mother solution. 

The zeolite was tben repeatedly washed (and centrifuged) with deionised water until pH around 9 

and dried at 1 0O'' C. 

The resulting solid was dealuminated by treating the as-made, dried zeolite with HNO3 (55 wt%) 

using 60 g of acid per gram of beta-seeds. This solution was kept under magnetic stirring and reflux 

at 85°C for 12 h. The dealuminated seeds were subsequently extensively washed with deionised 

water and dried at I )0°C. 

3.1.3 Mesoporous titanosilicates (Ti-HMS) 

A mcsoporous hexagonally ordered titanium-containing silicate (Ti-HMS) was synthesised accord­

ing to a procedure adopted by Tanev et al. ( 1994). For a typical synthesis, two solutions were 

prepared. Solution A was prepared through addition of 1.27 g of tctraorthobutyltitanate (TBOT) 

and 31.2 g of TEOS to 9 g of dry isopropyl alcohol and 45 g dry ethanol under magnetic stining. 

Solution B was prepared through addition of 7.5 g dodecylamine to 95 g deionised water and 3 ml 

IN hydrochloric acid. Solution A was slowly added to solution B under mechanical stirring. The 

molar composition of the initial mixture was as follows: 

0.025 TiO2 : I SiO2 : 36.2 H2O : 0.27 Dodecylamine : 0.02 HCI : 6.53 EtOH : 1 i-PrOH 

Precipitation of Ti-HMS started after several minutes. The solution was left stirring overnight 

at room temperature. The Ti-HMS was then recovered by filtration on a 0.45 pm Millipore filter, 

extensively washed with deionised water (500 ml water per gram of solid) and ethanol and dried at 

I 00°C. The solid w:is then calcined in static air at 550°C for 8 h. 
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3.2 Catalyst characterisation 

3.2.1 Catalyst structure and morphology 

X-ray diffraction (XRD) 

Powder X-ray diffraction spectra of TS-1, Al-free Ti-beta and Ti-HMS were obtained from a Philips 

X'PERT diffractometer generating Cu-Ka radiation(,\= 1.542 A) operating at 40 kV and 25 mA. 

Scanning was done between 4 and 12° 28 and ben.veen 4 and 55° 28 for Ti-HMS with a step size 

of 0.02° 20 and 2.0 s counting time. The samples were kept at ambient conditions prior to analysis. 

Relative crystallinities were obtained by integrating the peak areas of three largest peaks in the range 

26-29° 28 for TS-1 and the peak in the range 21-24° 28 for Al-free Ti-beta, where the peak areas 

were normalised with respect to a 100% crystalline reference sample as discussed below. 

Scanning electron microscopy (SEM) 

Crystallite morphologies and -sizes were assessed from Electron micrographs obtained using a Leica 

LEO S440 Scanning Electron Microscope. The samples were mounted on aluminium stubs with a 

carbon/glue mixh1re and subsequently coated with Au/Pd film . Care was taken to select representa­

tive micrographs of the sample. The instrnment was operated at an accelerating voltage of 40 keV, a 

tilt angle of 0° and aperture size 30 11,m, and a working distance of 7 mm was used. 

Nitrogen adsorption (NrBET) 

The micropore volumes and surface areas of the samples were determined using a Micromeritics 

ASAP 2000. 0.5 g of sample were first dried at 500°C under vacuum. Nitrogen was then adsorbed 

at liquid nitrogen temperature until ambient pressure was reached. 

All nitrogen adsorption data were repeated on a Coulter OMNISORP 360 under similar condi­

tions. The data from both measurement'> were in good agreement. For evalutation, the desorption 

branch was used and the BJH method applied to calculate the pore diameters. Surface areas were 

determined by the t-plot method. 

Thermogravimetric anal)1sis (TGA/DTA) 

The thc1mogravimetric spectra of the calcination of the freshly-prepared zeolite samples and the 

combustion of deposited coke on samples after reaction were recorded using a Stanton Redcroft 

STA-780 Series Thermal Analyser with a sample mass of 25 mg. 

For the tar content analysis after reaction, the sample was recovered by filtration on a 0.45 µm 

Millipore filter, extensively washed with deionised water and ethanol and dried at room temperah1re. 
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ln the Thermal Analyser, the sample was first heated in nitrogen (60 mJ(NTP)/min) at 5°C/min to 

J 50°C to desorb water. Subsequently, the carrier gas was changed to air (60 ml(NTP)/min) and the 

sample was heated at 5°C/min to 550°C and kept at this temperature for 4 h. 

3.2.2 Catalyst composition and titanium incorporation 

Diffuse reflectance ultraviolet spectroscopy (DRS) 

Diffuse reflectance UV-VIS spectra were recorded from 600 to 200 nm on a UV-VIS-NJR Varian 

Cary 5 spectrophotometer with a certified standard of Labspherc (SRS-99-0 l 0) as reference. 

Atomic absorption spectroscopy (AAS) 

The silicon, titanium and alkali contents of the samples were determined by atomic absorption spec­

troscopy on a Varian Spectra AA-100 spectrometer, attached to a DSD 30 data station. Samples ( l 00 

mg) were prepared by placing them in a 24 ml Teflon Parr acid digestion bomb, where they were 

wetted with a few drops of deionised H 20, followed by 5 ml of cold 40% HF. The Pa1T bomb was 

then heated in an oven to 70°C for 4 h. The content of the Teflon bombs was subsequently diluted 

with deionised water to I 00 ml in a polypropylene volumetric flask. Standards were prepared using 

amounts of SiO2 and TiO2 equivalent to the amounts that were present in the zeolite sample. 

3.3 Silanisation of the external surface of TS-1 

3.3.1 Experimental apparatus 

A flow system was 1Sed for the CVD of TEOS on TS- I, which has the advantage of removal of 

(potentially inhibiting) reaction products from the catalyst bed after reaction of TEOS with external 

surface sites. An additional advantage of a flow design is that excess (physisorbed) TEOS can 

efficiently be flushed from the reactor after the deposition cycle. 

Figure 3.1 shows a schematic drawing of the experimental setup used for the silanisation ofTS-1 . 

All heated zones and the temperature ramping were PIO controlled and the gas flow was regulated 

by mass flow controllers. All gases were dried before entering the system. The TEOS saturator 

was cooled to l 5°C to avoid condensation of TEOS in the lines leading to the reactor. The up­

flow operation ensured that the pressure drop over the reactor, filled with TS-1 powder, was withln 

acceptable limits. To avoid potential contamination of the TS-1 catalyst with metal, the reactor was 

made of quartz glass and silanised glass \Vool was used to keep the catalyst bed in position. 
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Air 

TEOS saturator Fixed bed with 
TS-1 catalyst 

Figure 3.1: Experimental rig for external surface silanisation of TS-1 

3.3.2 Experimental conditions and procedure 

The external su1face of small TS-I crystals, synthesised according to the method described by 

Thangaraj et al. ( 1992), was silanised using a low temperature deposition of tctraethoxysilane 

(TEOS) [Roger et al. (1998)]. Nitrogen carrier gas ( I 00 ml(NTP)/min) was led through a TEOS 

containing saturator at 15 °C. The TEOS-loaded carrier then passed through the TS-I catalyst bed 

(<lcryst.o.l = 0.1 11,m) for 1 hat I 00°C, the space velocity being 2.43 mg/(g-min). Subsequently, TS­

I was flushed with pure N2 (100 ml(NTP)/min) for 15 min, heated in air (100 ml(NTP)/min) at 5 

°C/min to 500°C, and kept at this temperature for 4 h. This procedure was repeated up to twenty 

times. Figure 3.2 shows the temperature-time profile of a CVD cycle. 

3.4 Aromatic hydroxylation reactions 

3.4.1 Experimental apparatus 

The catalytic reactions were carried out in a 24 ml glass batch reactor equipped with a teflon sample 

port (mininert reactor) or a 100 ml reflux glass batch reactor with magnetic stirring (1000 rpm), 

immersed in a large silicon oil bath. The oil bath was placed on a magnetic stirrer/heater unit 

equipped with a thermocouple and a PID controller (temperature control within± 0.5°C). The use 

of tcflon sample ports with silicone septa as well as sample syringes with teflon valves ensured that 

samples were only in contact with glass and tcflon and that evaporation was avoided. 
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Figure 3.2: Temperature-time profile for CVD ofTEOS on TS-1 

3.4.2 Experimental conditions and procedure 

All aromatic hydroxylation reactions were carried out at 60°C. Catalytic tesl<; for the completion of 

the silanisation procedure were ca1Tied out in a 100 ml batch reactor fitted with reflux condenser. 

1.2 g of phenol was dissolved in 30 g water, 0 .12 g of small TS-1 crystals added, and the suspen­

sion allowed to attam adsorption equilibrium (stirring for 12 bat reaction temperature). All other 

hydroxylation reactions were carried out in a 24 ml mininert reactor (see above). After dissolution 

of 1.2 g of the aromatic substrate (phenol, anisole, toluene, 1-naphthol or 2-methyl-naphthalcne) in 

5 ml of the solvent (water, methanol or acetone), the catalyst (TS-I, Al-free Ti-beta or Ti-HMS) 

was added and adsofl'.)tion equilibrium was attained at 60°C by allowing the suspension to stir for 12 

hours before reaction. 

For the hydroxylation of phenol, 0.12 g of catalyst was used, whereas for anisole and toluene 

hydroxylation, 0. 18 g and 0.30 g catalyst were used, respectively. To start the reaction 4.6 mmol of 

H20 2 , i.e. 0.6 g of a 30 wt % aqueous solution, was added in a single portion. In the hydroxylation 

of 1-naphthol and 2-methyl-naphthalene, 0.24 g of catalyst and 1.0 and 1.4 ml of H20 2 solution 

were used, respectively. 0.2 ml samples of the reaction mixture were withdrawn and analysed us­

ing HPLC. After reaction, the catalyst was recovered by filtration on a 0.45 µm Millipore filter, 

extensively washed with deionised water and dried at room temperature. 
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3.4.3 Analysis 

It has been reported that HPLC analysis is generally a better choice for the analysis of reaction mix­

tures of aromatic hydroxylations with H2O2 • A comparison between gas chromatography (GC) and 

high-performance liquid chromatography (HPLC) analysis of the reaction products in the phenol hy­

droxylation has been pubLished by vandcr Pol ct al. (1993), in which it was clearly shown thatHPLC 

analysis is the preferred technique for analysing the reaction mixtures when hydrogen peroxide has 

not been completely converted. Para-benzoquinone was detected by GC analysis in high concentra­

tions, whereas only small amounts were found using HPLC analysis, suggesting that residual H 2O2 

in the reaction mixture reacl" in the high-temperature injector port of gas chromatographs and leads 

to the overoxidation of hydroquinone to para-benzoquinone. A very similar observation has been re­

ported by Tuel and Ben Taarit ( 1994b ), who also concluded that unreacted hydrogen peroxide leads 

to para-benzoquinone formation in the GC injector. 

These findings were confirmed in this work; GC analysis results were dependent on the injector 

port temperature when phenol hydroxylation reaction mixtures still containing H2O2 were injected. 

The analysis method used in this work is thus HPLC analysis. Gas chromatography was occasionally 

used to compare the chromatograms obtained from HPLC to ensure that all producl" formed were 

detected by the diode array detector used for HPLC. The use of internal standards for TS- l/H2O2 

catalyzed reactions is not recommended in the literature. Martens ct al. ( 1993) concluded that inter­

nal standards such as pentafluorobenzoic acid might block active sites or reduce the accessibility of 

tbe m.icropores in the phenol hydroxylation over TS-1. No internaJ standard was therefore used in 

tbis work and the analytical equipment was regularly calibrated with standard solutions. 

The analysis system used was a Beckman HPLC equipped with a C 18 reverse-phase column 

(Luna) using acetonitiile/water mixtures and methanol/water mixtures as mobile phase and a Beck­

man 168 diode array detector operating at 280 nm. Analysis conditions for the various product 

mixtures are described in more detail in appendix E. The H2O2 content was monitored by means of 

a standard iodometric titration [Vogel (1959)]. 

Special attention had to be paid to the analysis of the toluene hydroxylation reaction mixtures. 

A mixture of cresols was obtained, which cannot be separated on standard columns by both HPLC 

or GC analysis. Unless specialised equipment is used (e.g. fatty acid capillary columns for GC), 

identical retention times for para- and meta-cresol were observed. A close look at results given in 

the literature reveals that this problem has occurred in many cases; high para-selectivities were often 

reported with no mention of formation of meta-cresol, suggesting that the para- and meta-isomers 

have not been separated [Bhaurnik and Kumar (I 995), Kumar and Bhaumik (I 998)]. 

The addition of a complexing agent (in a procedure adopted and modified from Zukowski et al. 

(1985)), /J-cyclodextrin, to the mobile phase resulted in a perfect separation of all crcsol isomers 
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in HPLC analysis using a standard reverse-phase C18 column. The ,:9-cyclodextrin molecule has a 

cavity with similar dimensions to the cresol isomers and strong interactions of the cresol isomers 

with ;1-cyclodcxtrin leads to a very good separation. 

3.5 Adsorption studies of aromatic hydrocarbons on titanium­

containing zeolites 

3.5.1 Experimental apparatus 

3.5.1.l Liquid-phase chromatographic method 

The adsorption of aromatics in TS- I and Al-free Ti-beta was detennincd from water, methanol and 

acetone as solvents using a pulse chromatogrnphic technique with standard HPLC equipment. The 

experimental set-up was the one used by Langhendries et al. (1999) and is shown in Figure 3.3. 

adsorption 
column 

-- ---- --
-···· ........... . 

HP 110 autosampler 

Figure 3.3: Experimental setup used for liquid-phase chromatographic adsorption measurements 

To achieve a clear pulse-response without tailing, a good column packing without voids is es­

sential. Columns for liquid-phase adsorption studies were carefully packed using HPLC pumps 

at high flow rates and pressures. Good column packing was confitmed by injection of 1,3,5-

triisopropylbenzene, a tracer compound that cannot enter the zeolite pores. A sharp and symmetrical 

response peak was obtained. Figure 3.4 shows a stainless-steel adsorption column for liquid-phase 

adsorption experiments. Zeolite columns of 4 cm length and 0.4 cm LD., previously dehydrated 

under vacuum at 300°C, were used for adsorption experiments. 
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1/4" OD, 4cm length 
SS reactor 

1/16" OD. 0.001" ID 
SS tubing 

2 J.m ss frits 
/ '------,,,,,,.· ~ ...... . 

TS-1 catalyst bed 

Figure 3.4: Column for liquid-phase adsorption experiments 

3.5.1.2 Gas-phase chromatographic method 

Pore mouth narrowing due to silanisation was investigated by a gas-phase chromatographic tech­

nique using an experimental set-up similar to that of Denayer and Baron (1998), taking cyclohexane, 

2-methyl-pentane, 3-methyl-pentane, 2,3-dimethylbutane, n-hexane, and toluene as tracer compo­

nents . 

A scheme of the experimental setup is shown in Figure 3 .5. Attention was paid to the packing 

c:irrier 
g:is 

Argon 

zeolite 
column 

GC 
oven 

FID 

[-:-:·:·:·:::]I :::: 
wm ... &1ilt 

. .· aP 

Figure 3.5: Experimental setup for gas-phase chromatographic adsorption measurementc; 

of the adsorption columns: to ensure good reproducibility, pulse gas-phase adsorption experiments 

were repeated with repacked columns. Figure 3.6 shows a packed TS-1 column for pulse gas-phase 

adsorption experiments. A TS-1 bed of l cm length (0.05 g) was packed between chromatographic 

sand beds of 4 cm length in a 10 cm qua11z glass tube of 0.4 cm I.D. 
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silanised Chromatographic 
glass wool sand (200 - 220µ m 

Glass tube 
(4mm I.D.) 

90mm 

Figure 3.6: Adsorption column for gas-phase adsorption studies on parent and silanised TS-1 

3.5.1.3 Liquid-phase batch method 

A batch setup identical to the one used for aromatic hydroxylation reactions was used to detennine 

the partition coefficient, o:, as the ratio of adsorbed aromatic in the molecular sieve and solvent phase. 

Sample analysis was done using a HP 5890 GC equipped with FID and TCD detectors. 

3.5.2 Experimental conditions and procedure 

In the liquid-phase batch adsorption method, 0.1 g of zeolite catalyst was suspended in a solution 

of 1.2 g phenol and 5 ml solvent at 25°C. A liquid sample (0.2 ml) was taken after adsorption 

equilibrium was established (24 h). 

For gas phase pulse adsorption studies, a hydrocarbon pulse (typically 1-4 µmol of hydrocarbon 

vapour in argon) was injected in a carrier gas (argon, 30 ml(NTP)/min), which was kd over a I 

cm column (4 mm internal diameter) containing 0.05 g of parent or inertised zeolite powder. The 

column was mounted in a GC equipped with FID detector. The response on the pulse was monitored 

at temperatures ranging from 175-275 °C and the shift in the first and second moments of the peaks 

were taken as a measure for changes in the sorption behaviour of TS-1 on inertisation. 

For liquid-phase pulse adsorption studies, 2-5 µ1 of saturated aromatic solution was injected in 

the pure solvent carrier (water, methanol and acetone) with flow rates between 0.01 and 0.5 ml/min, 

which was led over the zeolite column (TS-1 and Al-free Ti-beta). The column was mounted in a 

temperature-controlled compa11meot and the pulse response monitored at temperatures ranging from 

30 - 60°C. Henry's adsorption constants were calculated from the response peaks first moments. 

49 



CHAPTER 3. EXPERIMENTAL METHODS 

3.6 Liquid-phase measurement of intracrystalline diffusivities 

of aromatic hydrocarbons in titanium-containing zeolites 

3.6.l Experimental apparatus 

Figure 3.7 shows a sketch of the experimental apparatus used for the ZLC diffusion measurements. 

Special care was taken to minimise dead volumes. All lines were of 0.007" l.D. stainless steel tubing 

Beckman 168 
diode array detector 

-·-· ·····-····· 

I 
Figure 3.7: Liquid-phase ZLC rig 

and as short as the experimental setup allowed. The dead volume of the diode array detector used 

is negligible. The adsorption column was immersed in a large PID controUed oil bath to ensure 

isothermal conditions. A schematic drawing of a column used for ZLC and pulse diffusion studies 

is given in Figure 3.8. 

3.6.2 Experimental conditions and procedure 

The transient desorption curves of phenol, catcchol, hydroquinone, toluene and anisolc were mea­

sured with water and methanol as the solvent at temperatures ranging from 0 - 80°C. Catalyst 

amounts of 70 mg (TS-1 and Al-free Ti-beta) were used in ZLC colwnns. Flow rates were var­

ied between 0.5 and 3 ml/min to ensure that the monitored response curves were not governed by 

interstitial fluid hold-up or axiaJ dispersion. Additional blank experiments with no catalyst in the 

reactor con finned this assumption and the dead time of the system was measured at different flow 

rates. The independence of the transient desorption curve of concentration was confirmed by vari­

ation of the initial concentration of the aromatic compound from 0.1-1 'A-t.%. Identical desorption 

50 



3.6. Liquid-phase measurement of imracrystallinc diffusivitics of aromatic hydrocarbons in Litanium-conrnining 

zcolircs 

,/ 
, ,· 

I 

1/16" OD t'LOOl" ID 
.. / SS t:ubtng '\,_,_ 

/ . ' ,• ,, 
' . , / 5µ ss frits,.__. ,, ' 

,,✓ · S.i.t~.grltoules 
l.14'' on. 4rm k!ngtb TS-ltatruyst 

~(?i)mg_) SS reactor · 

Figure 3.8: ZLC column 

curves in the long-time region were taken as a proof that the isothcn11 was indeed in the linear region. 
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Chapter 4 

Results 

4.1 Physical and chemical catalyst characterisation 

Additional characterisation data for the catalyst batches used in this work are shown in appendix C. 

4.1.1 Synthesised titanium-containing molecular sieves 

All synthesised TS- I and Al-free Ti-beta samples showed their typical structural X-my diffraction 

patterns (see Figure C.1-C.3) and were l 00 % crystalline, Table 4.1 summarises the rcsullc; from 

powder X-ray diffraction measurements. The XRD patterns of all samples arc given in Appendix C. 

The large TS-1 crystals showed very sharp and intense reflections, whereas the XRD pattern of the 

Table 4.1: Relative crystallinities of catalysts used 

I Catalyst relative crystallinity [%] 1 

as-synthesised calcined recycled 

TS-I smalF 100 100 100 
TS-I large3 100 100 100 

Al-free Ti-beta4 100 95 95 
1 ± 5%, based on peak areas of most intensive reflections; intensity of large TS-1 crystals and large 
Al-free Ti-beta crystals were taken as a reference for 100% crystallinity; 2dcr-ystal = 0.1 Jtm; 3dcrystal 

= 3 X l 0x45 µm; 4
dcrystal = 0.9 - 5 µm 

dealuminatcd zeolite beta seeds was not well resolved and shows line broadening due to the nano­

size of the crystals. The Ti-HMS sample showed the typical reflections for MCM-type materials at 

low angles of 28; these reflections were however relatively weak suggesting that amorphous material 

was also present in this sample. For Al-free Ti-beta, a partial loss of crystallinity after reaction or 

exposure to water bas been reported by Carati et al. (1999). However, a different synthesis method 

was used in that study, resulting in a much more hydrophilic Al-free Ti-beta sample. The higher 
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hydrophilicity might facilitate framework disintegration by interaction with polar compounds such 

as water. The Al-free Ti-beta samples used in this work were synthesised using the fluoride method. 

They have been reported to be very hydrophobic [Blasco et al. ( 1998 )]. No loss of crystallin.ity 

was detected when the catalysts were used for several (3-5) reaction cycles (aromatic hydroxylation 

reactions under standard conditions and subsequent calcinations), confirming the stability of the 

zeolite framework under reaction conditions . The only loss of crystallinity observed was a ;::;;j 5% 

decrease in crystallinity upon calcination for the Al-free Ti-beta. 

The phase purity of all catalyst samples used for reaction work was proven by UV-VIS diffuse 

reflectance spectroscopy. The spectra of small and large TS-I crystals, Al-free Ti-beta and Ti-HMS 

are shown in Figure 4.1. For comparison. the spectrum of anatase is added. The two TS-1 samples 
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Figure 4.1: Normalised diffuse reflectance UV-VIS spectra 

used in this work and Al-free Ti-beta show a single absorption band at 215-220 nm, generally as­

signed to titanium in tetrahedral coordination. For Ti-HMS, a significant amount of hexacoordinated 

titanium was present. The sample was, however, not dehydrated. Water is easily coordinated to the 

titanium sites in mesoporous titanosilicates due to their hydrophilicity, resulting in higher coordina­

tion for a fraction of the titanium sites upon uptake of water. Comparing the spectrum of Ti-HMS to 

a typical DR UV-VIS spectrum of anatase, it can be assumed that the Ti-HMS sample was also free 

of (bulk) Ti02 , but the presence of some inherently hcxacoordinate Ti species cannot be excluded. 
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The results of the BET measurements are in good agreement with litemture data [Blasco et al. 

(1998), Ferrini and Kouwenhoven (1990), Tanev et al. (1994), Zhang et al. (1995)]. Table 4.2 shows 

the micropore volumes and BET smface areas of the catalyst samples used for reactions. For AJ-frce 

Ti-beta and both TS- I samples, BET measurements indicated no significant presence of mesopores. 

For Ti-HMS, an average pore size of 2.8 nm was determined by BET plots. For the small TS-I 

Table 4.2: BET micropore volumes and surface areas of catalyst samples 

Catalyst I micropore volume [cr;:3
] I total BET area [~

2
] I external surface area [':

2
] 

TS-I smal1 1 0.176 442 82 
TS-I smaJ.1 (sil.)2 0.169 460 86 

TS-I large3 0.188 422 5 
Al-free Ti-beta4 0.241 574 8 

Ti-HMS 0.931 1097 -
1 TS-1 of dcr;ystal = 0 .1 Jtm; 2small TS-1 crystals after CVD of TEOS for 20 cycles: 3TS-1 of dcrystal 

= 3 x I 0x45 µm; 4 Al-free Ti-beta of dcrystal = 2 - 5 µm 

crystals only ca. 82% of the total surface area is located in the pores of the crystal whereas the larger 

TS-l and the Al-free Ti-beta crystals have 98.5% of their Ti sites inside the pores. This indicates 

that the external surface could have a much higher influence on the catalytic properties for the small 

crystals, one of the major aspects investigated in this work. 

Scanning electron micrographs of the small TS-I crystals show a 'cauliflower' morphology with 

an average diameter of 0. 1 ;1,m and a very narrow size distribution. The large crystallites of TS-1 were 

slab-shaped with dimensions of about 45 x 10x3 11m with little intergrov,1h. Only minor amount,;; of 

nano-sized crystallites were present in the sample. The large and small crystallites (obtained from 

non-seeded and seeded synthesis) of Al-free Ti-beta were well faceted truncated bipyramids of 2 -

5 µm and 0.9 µm, respectively. SEM pictm·es of the dealuminated zeolite titanium beta seeds show 

very small crystals of about 30 - 50 nm, whereas only amorphous structures are visible on SEM 

pictures of Ti-HMS. Fi1:,,ures 4.2 - 4.5 show Scanning Electron Microgrnphs of the catalyst batches 

synthesised. 

The chemical composition of all catalysts was determined by AAS of the dissolved catalysts and 

EDX analysis of the solids. Both measurements were in agreement within the error of analysis. All 

samples showed a similar titanium content; a Siffi-ratio of 33, 42 and 50 was found for the TS-1 

samples, the Al-free Ti-beta samples and the Ti-HMS sample, respectively. 
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Figure 4.2: SEM picture of small TS-I crystals 

Figure 4.3: SEM picture of large TS-I c1ystals 

4.1.2 Characterisation of external surface Inertisation by cycle-wise CVD of 

TEOS 

4.1.2.1 Physico-cbemical characterisation of modified TS-1 

The physico-chcmical cbantcterisation of the small TS-I crystals silanised for 20 cycles (using the 

CVD ofTEOS deposition technique) was compared to the parent, non-modified sample. 
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Figure 4.4: SEM picture of small crystals of Al-free Ti-beta 

Figure 4.5: SEM picture of large c1ystals of Al-free Ti-beta 

XRD diffraction patterns and diffuse reflectance UV-VIS spectra for parent and silanised TS-I 

were identical. IR spectra also essentially remained unchanged. 

SEM pictures of parent and silanised TS-1 samples also showed no change, indicating that the 

agglomeration degree of the small crystallites remained unchanged. 

BET measurements also showed no significant change, pointing to the absence of major pore 
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blocking upon silanisation. Pore mouth blocking or -narrowing upon silanisation is further studied 

and discussed in section 5.3 .3.l. 

EDX of parent and silaniscd TS-1 showed an increase of the average Si/Ti-ratio from 33 to 60, 

confirming the increase of the Si/Ti-ratio of the external rim of the crystals and thus the deposition 

of silica on the external surface. 

4.1.2.2 Thermogravimetric study of CVD ofTEOS on TS-1 

The TEOS uptake by TS- I and the amount deposited after one deposition cycle was determined 

using a thermogravimetric setup. Figure 4.6 shows the change in sample mass with time during a 

typical TEOS deposition cycle. Adsorption and desorption steps in the TG/DTA setup were carried 
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Figure 4.6: Thennogravirnetric profile of a CVD of TEOS cycle on small TS-1 crystals 

T = 100- 500 °C, F = 30 mJ/min, m001 = 52 mg, WHSV = 2.43 mgrEosl(gcat·min) 

out for longer times than in the experimental CVD of TEOS setup since in the TG/DTA setup the 

carrier gas passes over the sample as opposed lo through the catalyst bed. Temperatures and TEOS 

partial pressure were identical to the ones used for silanisation. 

TEOS was first adsorbed onto the TS-1 sample (52 mg) until adsorption equilibrium was at­

tained. The system was then flushed with pure N2 canier to purge the TG/DTA setup and to desorb 

physisorbed TEOS from the sample. After the completion of the desorption step, the TEOS-loaded 

sample was calcined in air. 

Assuming a diameter of 0.96 nm for the TEOS molecule, the coverage of the external surface 
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during a CVD cycle can be estimated from the thermogravimetric data. After the desorption step, the 

TEOS amount chemisorbed corresponds to a theoreticaJ coverage of~ 40 % of the external surface. 

After calcination, the mass gain was ~ 0.4 %, proving the deposition of SiO2 on the TS- I external 

surface. The thermogravimetric study presented in Figure 4.6 shows that the deposited amount 

does not correspond to a full mono layer, explaining the necessity for a repetition of the CVD cycle. 

The amounts deposited in subsequent CVD cycles are however unknown; the thermogravimetric 

study therefore only represents an estimation for the TEOS adsorption and, after calcination, SiO2 

deposition at the external surface. 

4.1.2.3 Gas-phase adsorption properties of progressively silanised TS-1 

As described earlier (see section 2.6.1 ), CVD of silanes on zeolites can lead to a (partial) blocking 

or narrowing of the micropores, depending on the CVD conditions. The gas-phase chromatographic 

setup used in this work is a suitable technique to characterise pore mouth narrowing due to silanisa­

tion [Sealy and Moller (1998)]. The injection of tracer compounds with a kinetic diameter similar to 

the pore openings yields information about the accessibility of the pores and about additional diffu­

sional resistances that could be caused by the silanisation procedure. After injection of a small pulse 

of the tracer compound, the first and second moment of the response can be used to calculate the 

Henry's constant and the peak asymmetry, respectively. Significant changes in the Henry's constant 

would indicate that the adsorption properties were altered, the extreme case being that the tracer is 

no longer able to enter the pores of the zeolite, whereas an increasingly asymmetrical peak response 

would indicate the presence of increased diffusional resistances. 

The peak response was determined with 2-methyl-pentane, 3-mcthyl-pcntane, 2,3-

dimethylbutane, cyclohexane and toluene as tracer components at temperatures from 175 °C to 275 

°C. Using equation 2.1 and 2.4, the first moment of the response and the activation energy for adsorp­

tion can be determined, respectively. Figure 4.7a shows typical peak responses for the compounds 

injected into the TS-I ads.urption columns and Figure 4.7b shows the van't Hoff plots calculated 

from the peak first moments at different temperatures. A perfectly linear van't Hoff plot as shown in 

Figure 4.7b was obtained for all compounds with all catalyst samples, confirming the suitability of 

the the experimental setup. 

In figure 4.8a and 4.8b the adsorption constants and the peak variances arc plotted as a function 

of the number of silanisation cycles. 
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Figure 4. 7: ( a) typical pulse response (T = 225 °C) and (b) van 't Hoff plots from pulse response first 
moments of tracer compounds injected into parent TS- I ( dcrystal = 0. 1 µm) 

(a) 
12 ,----,-------~---~-----, 

10 

2-methyl-pentane _._ 
3-me1hyl•pef11DM . ...... . 

2.J-<lrnethyl-buUln& ......... . 
cydohexane ---+­

k>luene -- ..,.._, 

o~---~---~---~--~ 
0 10 15 20 

no. silanization cycles 

(b) 
80 

70 

8 60 
C: .. ·c: 
~ 50 
-" 
RI 

" a. 40 

30 

20 
0 10 

2-methyl-pentane ----
3-methyl-pentaM ---

2.3-dimelhy<butane .. --4 ... 

cydohexane --+­
loluene --T--

15 

no. silanization cycles 
20 

Figure 4.8: (a) adsorption constants and (b) peak variance of injected tracer compounds (T = 225 
°C) as a function of the number of silanisation cycles ofTS-1 (dcrystal = 0.1 /.tm) 

4.2 Hydroxylation of substituted benzenes using titanium­

substituted molecular sieves and H2O2 

4.2.1 External mass transfer resistance 

If the mass transport to and from the outer surface of the catalyst particle to the bulk solution is 

rate limiting, it is generally referred to as external mass transfer resistance. lt is caused by a slow 

diffusion ofreactants in the bulk liquid phase to the outer surface of the catalyst and can be important 

if a relatively fast reaction occurs at the catalyst surface. Although usually much smaller than the 

internal mass transfer resistance in porous particles, a brief evaluation of the external resistance to 

mass transfer for the reactions investigated in this work is given below. 

One of the general approaches to describe external diffusional resistance is the so-called film 
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model, where a stagnant boundary layer around the catalyst particle is assumed to exist. With a 

linear concentration gradient in this film, the diffusional flux to the catalyst surface is given by 

"J; = k1(C - Cs) , with k1 = Dm 
61 

(4.1) 

where 6 I is the film thickness, Dm the diffusivity in the liquid phase, C the reactant concentration 

in the bulk solution, Cs the reactant concentration at the catalyst surface and k f the mass transfer 

coefficient. Whereas the film thickness 61 is generally unknown, the mass transfer coefficient k 1 

can be described by the Sherwood number, which equals 2.0 for a laminar flow around a spherical 

particle: 

Sh= k1d ~ 2 
Dm 

(4 .2) 

Under flow conditions such as a well-stirred reaction vessel, the Sherwood number is expected 

to be much larger, hence the equation above represents the 'worst case' in terms of external mass 

transfer. Equating the steady state flux of the reactant through the external film to the rate of reaction 

within the particle a; = .k) yields 

2 4 3 
4,;r RC k f ( C - Cs) = ·rrr Rc'rJkreactCsC Tl202 (4.3) 

which can be rearranged to 

C., k1 
- = .& " C k J + 3 TJkreactC H 1 0 2 

(4.4) 

External mass transfer resistance can therefore not be neglected if the ratio of the surface reactant 

concentration to the bulk solution reactant concentration (C5/C) is significantly lower than unity. 

W_ith R-: = 0.05 µm (small TS-1 crystals) - 1.5 µm (large TS-I or Al-free Ti-beta crystals) and Dm ~ 

10-9 m
2

, the lowest value of k1 is~ 0.0013 !!!_ With typical values for observed reaction rates and s s . 

hydrogen peroxide concentrations in this work, the lowest value of CsfC practically equals unity, 

confirming the absence of external mass transfer resistances in the reactions investigated. 

4.2.2 Kinetic model 

A kinetic study was conducted using the concentmtion-time data obtained from the hydroxylation 

reactions, applying a simplified reaction scheme as displayed in Figure 4.9. Severe deactivation of 

TS- I has been reported in epoxidation reactions in the literature [Langhendries et al. (I 999)]. Rate 

constants for this reaction were determined from initial reaction rates. For aromatic hydroxylations, 

a slight deactivation through formation of high-molecular compounds (tars) was observed, though 
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by far not as severe as for epoxidation reactions. This was taken into account by weighting of initial 

concentration-time data. 

The data obtained for the hydroxylation of phenol, anisole and toluene were fitted m 

concentration-time profiles with following kinetic expressions: 

dCo & = -kaCA-rnC11202 - ksC1-ho2Co (4.7) 

dCM . 
dt = -k4CMnCu202 - kaCrho2 CM (4.8) 

Equation 4.5 represents the consumption of the aromatic reactant either to hydroxylated products 

or tars. The consumption of the second reactant, hydrogen peroxide, is described by equation 4.6; 

non-selective peroxide decomposition and overoxidation of hydroxylated products are taken into 

account by additional second-order terms. Formation of ortho-, meta- or para-hydroxy lated products 

is fitted with the kinetic expressions 4. 7, 4.8 and 4. 9, respectively; overoxidation is taken into account 

using the same additionaJ terms as in equation 4.6. The kinetic model used in this work is simplified 

and based on the reaction scheme in Figure 4 .9, which shows the simplified reaction paths with the 

rate constants used for fitting the reaction data. In the phenol and anisole hydroxylation, no meta­

hydroxylated products were observed, thus the constants k5 and k8 equal zero for these reactions. 

A good fit was obtained for all experiments, showing that the overall second-order kinetic model 

describes the reaction well. The choice of the kinetic model and the reaction order is further elabo­

rated in appendix F. l. However, a high error was found for the rnte constants for subsequent overox­

idation of the hydroxylated products (k6-k8). The rate constant representing tar formation was thus 

obtained by subtradng the product formation rate constants from the reactant consumption rate 

constant as shown in equation 4.10. 
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k 

Figure 4.9: Reaction scheme of aromatic hydroxylations 

4.2.3 Reaction kinetics for progressively silanised TS-I 

The external smface of small TS- I crystals was deactivated using the cycle-wise CVD of TEOS 

technique. The progressive surface deactivation through deposition of SiO2 was monitored by re­

moving the catalyst from the silanisation setup for a catalytic test reaction. The phenol hydroxylation 

in water was chosen as the test reaction to monitor the deactivation after a number of silanisation 

cycles. Figure 4.10 shows a plot of the kinetic constants obtained (applying the model described in 

paragraph 4.2.2) as a function of the number of CVD cycles. Only relatively smaJl changes in the 

rate constants (within the error of the method) were observed between 15 and 20 cycles of TEOS 

deposition. lt was thus assumed that the role of the external surface can be neglected after 20 cycles, 

i.e. the observed activity is then solely due to the activity of TS-I in the pores. 

On the basis of the rate constants obtained for parent and external surface inertised TS-1 ( after 20 

cycles of TEOS deposition), the contribution of the external surface to the overall catalytic activity 

can be determined. The contribution of the external surface activity and the contribution of the sites 

in the pore system ofTS-1 can be evaluated as follows: 

(4.11) 

(4.12) 

For the small TS-1 crystals, the total surface area (S) and the externaJ smface area (Se) were 
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Figure 4.10: Overall rate constants as a function of the number of silanisation cycles for the phenol 
hydroxylation 

T = 60 °C, 1.2 g phenol, 30 ml water, 0.12 g TS-1 (dcrystal = 0.1 µm), 0.6 ml H20 2 (30 % soln. in 

H20) 

determined to be 442 m2/g and 82 m2/g, respectively (from BET measurements, see Table 4.2). Rate 

constants determined from experiments with the parent TS-1 sample (kn) represent total (internal 

+ external) activity whereas rate constants from experiments with the silanised sample (kn,i) were 

assigned exclusively to internal activity. 

4.2.4 Decomposition of hydrogen peroxide 

The non-selective reactions of H20 2 under typical reaction conditions, but in the absence of the 

aromatic reactant were quantified in the solvents used for reaction studies. Table 4.3 shows the non­

selective conversion of H20 2 with TS-1 and Al-free Ti-beta in water. methanol and acetone and data 

for homogeneous (thermal) decomposition. The homogeneous decomposition of hydrogen peroxide 

under reaction conditions was negligible. However, with no other reactant in the system, the peroxide 

loss in the presence of small TS-I crystals and Al-free Ti-beta was significant. Particularly in water, 

H20 2 was rapidly decomposed to 0 2 and H20. The decomposition reaction was presumably also 

responsible for the loss of H20 2 in acetone, whereas titanium silicalites catalyze the oxidation of 

methanol to a mixture of formaldehyde, formic acid, dimethyl ether and CO/CO2 as described by 

Deo et al. (I 993), Maspero and Romano (1994) and other authors. Oxidation of the solvent is 

therefore an additional non-selective reaction of H20 2 in methanol, although Table 4.3 demonstrates 

that the reaction proceeds at a low rate as also reported by Maspero and Romano ( l 994 ). Table 4.3 
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Table 4.3: Non-selective conversion of H20 2 over TS- I and Al-free Ti-beta in the absence of aro­
matic reactants 

Solvent water methanol acetone 

X11201[%] Xu20J%] Xll202[%] Xu102[%] XH202[%] XH20J%] 
Catalyst after4h after 8h atkr4h after 8h after 4h after 8h 
blank1 0.5 0.9 - - - -

TS- l (small)2 40.0 62.5 25.9 46.0 15.2 28.9 
TS-1 (large )3 29.2 42.9 3.2 6.8 4.1 7.3 
Al-free Ti-/14 54.4 96.1 28.6 46.8 14.0 21.5 

T = 60°C, 0.12 g catalyst, 5 ml solvent, 0.6 ml H20 2 (30% in H20); 1same conditions, but without 
catalyst; 2

dc,-ystal = 0.1 µm; 3dcrystal = 3 XI OX 45 µm; 4
dcrystal = 0.9 11,m 

also shows that small TS-I and Al-free Ti-beta crystals had similar activities for non-selective H20 2 

reactions except for the reaction in water, where Al-free Ti-beta showed a very high activity for 

the decomposition of the peroxide. Large TS- I crystals showed a lower rate of R10 2 decomposition 

than the smaUerTS-1 crystals and Al-free Ti-beta. Only in water, large amounts of the peroxide were 

decomposed; in methanol and acetone, remarkably little peroxide was lost in the presence of large 

TS-1 crystals. For all catalysts, the reactivity decreased in the order water> methanol> acetone. 

Similar results have been reported by Trong On et al. (1997), Trang On et al. (1998) and Gallot and 

Kaliaguine (I 997), who described the activity of silanol groups at the surface of titanium-containing 

zcolites for the decomposition of hydrogen peroxide. 

4.2.5 Phenol hydroxylation 

In Figure 4.11, the typical concentration-time profiles ofreactants and products, as well as the fit of 

the kinetic model applied ( equations 4.5-4. l 0) arc given for the hydroxylation of phenol over TS- I. 

A good model fit was achieved not only in the initial region but for the entire concentration-time 

profile, indicating that catalyst deactivation did not sigruficantly affect the kinetics of the phenol hy­

droxylation carried out as a batch reaction in this work. Reactions in other solvents showed similar 

good fits, justifying the overall second-order kinetic model used to determine kinetic reaction data. 

The only reaction products detected were hydroquinone, catechol and tars; only trace amounts of 

resorcinol (meta-hydroxy-phenol) or para-benzoquinone were observed. A typical chromatogram 

obtained from the HPLC analysis of a phenol hydroxylation reaction mixture is displayed in ap­

pendix E.1. 

4.2.5.1 Influence of the H2O2 concentration 

In section 2.3.1, the dependence of peroxide efficiency and product distribution on the method of 

peroxide addition was described . Thangaraj et al. ( 1991 a) repo1tcd higher peroxide efficiencies and 

64 



4.2. Hydroxylation of substituted benzenes using titanium-substituted molecular sieves and H20z 

2000 600 
phenol ■ 

1600 H202 • catechol ... 
hydroquinone • 500 

1600 

1400 

■ 
400 

~ 1200 ~ 

0 ~ 
E 1000 300 E .s .s 
(.) 800 (.) 

200 
600 

400 
100 

200 

0 
100 200 300 400 500 600 

t [min] 

Figure 4.11: Concentration-time profile in the phenol hydroxylation over TS-1 

T = 60 °C, 1.2 g phenol, 5 ml water. 0.12 g TS-I (dcryatal = 0.1 µm), 0.6 ml H2O2 (30 % soln. in 
H20) 

hydroquinone selectivities using a drop-wise addition of the H2O2 solution as compared to an addi­

tion of the whole amount in one portion. However, the different method<; of H2 O2 addition were not 

compared under the same reaction conditions in their study. Table 4.4 shows the results for a phenol 

hydroxylation reaction over TS-I in water using different methods of peroxide addition. In 'dilute' 

Table 4.4: influence of the method ofH2O2 addition 

dropwise addition1 28.0 100 90 79 1.42 
addition in one lot2 27.9 100 91.8 78 1.13 
addition in one lot3 30.3 100 78 71 1.59 

T = 60 °C, 30 ml H2O, 1.2 g phenol, 0.12 g TS- I { dcri,stat = 0.1 µm), 0.6 ml H2O2 (30% in H20), tR 

= 6 h; 1 H2O2 was diluted with 2 ml H2O and added over 35 min; 2H2 O2 was diluted with 2 ml H2O 
and injected in one portion; 35 ml H2O as solvent; 4at Xp,unol = 28 % 

conditions (i.e. with 30 ml solvent), a drop-wise H2O2 addition resulted in a higher p/o-ratio, sug­

gesting that low concentration levels of hydrogen peroxide favour hydroquinone formation. How­

ever, at higher concentrations of all reactants (i.e. with 5 ml solvent), more hydroquinone was formed 

and the selectivities were lower when the entire H2O2 amount was added in one portion. These phe­

nomena are very Likely to be related to the different rates of polymerisations of hydroquinone and 

catechol. The primary overoxidation product<; of the dibydroxybenzenes arc the respective benzo­

quinones, which can subsequently undergo a large variety of coupling reactions as described by 
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Taylor and Battersby (J 967) and Patai (1974), eventually leading to the formation of high-molecular 

compounds, e.g. tars. Whereas the para-benzoquinone formation was hardly observed in this work 

and was reported to be partly reversible in phenol hydroxylations catalyzed by aluminium-containing 

zeolites [Allain et al. (1994)], ortho-benzoquinone is not stable under reaction conditions and under­

goes rapid overoxidation through rupture of the aromatic ring [Patai ( 197 4), Taylor and Battersby 

(1967)]. Catechol is thus more likely to form tars than hydroquinone and care has to be taken with 

the interpretation of the reaction results. Due to the consecutive overoxidation reactions, product 

selectivities should be compared at identical reaction conditions and phenol conversions. 

4.2.5.2 Influence of water 

Solvent effects in the hydroxylation of phenol, anisole and toluene are docwnented in the literature 

and wcre thoroughly investigated in this work. Protic solvents such as alcohols and water generally 

enhance the selectivity towards para-hydroxylation. However, water is always present in the system 

as it is part of the hydrogen peroxide solution and a reaction product. A certain amountof the protic 

solvent water is therefore present even when aprotic solvents such as acetone are used. To inves­

tigate the influence of water when the reaction is carried out in aprotic solvents, a TS- I catalyzed 

phenol hydroxylation with non-aqueous hydrogen peroxide solution was conducted with acetone as 

the solvent. The TS-I sample was previously dehydrated at 500°C. The solvent acetone was also de­

hydrated using MgSO4 ; furthermore, dehydrated MgSO4 (0.5 g) was added to the reaction mixture 

to adsorb water formed during the reaction. Table 4.5 shows the resultc; obtained for a phenol hy­

droxylation over TS-1 in acetone using aqueous and water-free hydrogen peroxide. In the absence of 

the protic solvent water, a higher ortho-sclcctivity was expected. However, a higher p/o-ratio, hence 

more hydroquinone was obtained when water-free H2O2 solution was used. Furthermore, a slightly 

higher phenol conversion and significantly lower selectivities were obtained with the non-aqueous 

hydrogen peroxide solution. These observations indicate that water and hydrogen peroxide might 

compete for adsorption at the titanium site. As described in the previous paragraph, overoxidation 

and polymerisation of reaction products to tars is more likely for catechol than for hydroquinone. 

The presence of more H2O2 at the active sites under water-free conditions might therefore be respon­

sible for catechol being overoxidised more rapidly compared to hydroquinone, which would result 

in lower selectivities (based on peroxide and phenol) and a higher hydroquinone content in the final 

reaction mixture. 

4.2.5.3 Influence of the oxidant 

This work focuses on the use of hydrogen peroxide as the oxidant. A comparison of the reaction 

results obtained with H2O2 to a reaction with TBHP as the oxidant could however clarify details of 
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Table 4.5: [nfluence of water in the phenol hydroxylation over TS- I in acetone 

aqueous H2O2 19.6 82.7 I 87 72 0.75 

water-free H2O2 21.1 79.4 I 81 60 1.18 

T = 60 °C, tR = 6 h, l .2 g phenol, 0.12 g TS-I ( dcryst.al = 0.1 J.tm), 5 ml dried acetone, 0.6 ml H2O2 
(30% in water or acetone), 1at Xphenol = 19 % 

the reaction mechanism. It is known that TS-1 is inactive with TBHP as the oxidant [Corma et al. 

(1996a), Corma et al. (1996b)], presumably because the titanium peroxo species formed with TBHP 

is too bulky to allow a reaction in the medium-size pores. There is however sufficiently space in 

the pores of Al-free Ti-beta for the use of TBHP as the oxidant, as has been proven for epoxidation 

reactions, where Al-free Ti-beta was reported to be very active [Blasco et al. ( 1998), van der Waal 

et al. (1998b), van der Waal and van Bekkum (1997), van der Waal (1998)]. Table 4.6 shows the 

resuJL-, of a phenol hydroxylation reaction in water with Al-free Ti-beta using aqueous H2O2 and 

TBHP as the oxidants. Al-free Ti-beta was completely inactive for the hydroxylation of phenol with 

Table 4.6: Influence of the oxidant on the phenol hydroxylation over Al-free Ti-beta 

Oxidant Xp [%] Xox1dant[%] Sp[%] Oxidant eff. [%] ~-rntio 

H2O2 18.8 88.7 70.0 48.3 0.42 
TBHP < I 3.3 - - only tars 

tR = 6 h, T = 60 °C, 1.2 g phenol, 5 ml water, 0.12 g Al-free Ti-8 ( dcryst.ol = 0.9 µm), 0.6 ml H:2O2 

(30 % soln. in H20) or TBHP (70 % soln. in water) 

TBHP as the oxidant. Even after 24 h of reaction time, no hydroxylation products were detected 

in the phenol hydroxylation with TBHP; only decomposition of the oxidant and tar formation was 

observed. 

4.2.5.4 Solvent effects 

The pronounced effect of the solvent on activity and selectivity in the phenol hydroxylation over TS-

1 with aqueous H2O2 has been reported in the literature: a brief overview was given in section 2.3.1 . 

The complete inversion of selectivities in protic and aprotic solvents is a particularly interesting 

phenomenon that was further investigated. Water, methanol and acetone were chosen as solvents 

since these are the only solvents where rugh conversions and selectivities can be acrueved, the fonner 

two representing protic and the latter being an aprotic solvent. 

Figure 4.12 shows the phenol conversion in water, methanol and acetone as a function of reaction 

tin1e. The solvent clearly influences the activity of TS- I for the phenol hydroxylation. Some pseudo­

first order rate constants can be found in the literature [Kulawik ct al. ( 1995), van der Pol ct al. 
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Figure 4.12: Phenol conversion vs. reaction time in different solvents 

T = 60 °C, 1.2 g phenol, 5 ml solvent. 0.12 g TS-1 (dcryst.al = 0.1 µm), 0.6 ml H2O2 (30 % soln. in 
H2O) 

( 1992)], but no systematic kinetic study comparing the activity of TS- I for the phenol hydroxylation 

in different solvents is available. The rate constants for phenol consumption, peroxide decomposition 

and formation of products and tars in different solvents were determined using the kinetic model 

introduced in section 4.2.2 and are shown in Table 4.7. The highest catalytic activity, expressed as 

Table 4.7: Influence of solvent on tbe observed rate constants for phenol hydroxylation over small 
TS-1 crystals 

k;[mol-'.,,m'l] k1 k2 k3 ~ kt Tar1 

Phenol H2O2 c1ec Catechol Hydroquinone Tar [mg/gmd 
Water 5.32e-6 2.94e-6 1.6 le-6 2.43e-6 l .46e-6 84.2 

Methanol l .38e-6 2.88e-6 3.23c-7 6.94e-7 3.59c-7 57.0 
Acetone 7.93e-7 3.32e-8 3.32e-7 2.57e-7 2.04e-7 47.0 

T = 60 °C, 1.2 g phenol, 5 ml solvent, 0.12 g TS-1 (dcrystal = 0.1 µm), 0.6 ml H2O2 (30 % soln. in 
H20); 1 Tar deposition after 24 h reaction time 

observed rate constant for phenol consumption (k 1 ), was obtained with water as a solvent, followed 

by methanol and acetone. Tar fonnation followed a similar trend to phenol conversion (water> 

methanol> acetone). which is shown by the rate constants for tar formation (kt) and by the deposition 

of tars on the catalyst as determined by TG/DT A. The tar deposition on the catalyst surface decreased 

when the tar components or precursors are more soluble in the solvent. The para-selectivity was 

higher in protic solvents, confirming literature reports; hydroquinone was the prefcll'ed product in 

methanol and water, whereas catcchol formation was favoured in acetone. 
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In several literature reports, a shift in product selectivity toward<; more para-hydroxylated product 

with increasing phenol conversion is mentioned [Tbangaraj et al. (1991a), Thangaraj et al. (1994), 

Tuel ct al. (1991)] . Figure 4.13 shows the ratio ofhydroquinone to catechol formed in the phenol 

hydroxylation with water, methanol and acetone as a solvent as a function of reaction time. Figure 
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Figure 4.13: Ratio of the amount of hydroquinone formed relative to the amount of catechol formed 
as a function of reaction time 

T = 60 °C, 1.2 g phenol, 5 ml solvent, 0.12 g TS-I (dcrystat = 0.1 µm), 0.6 ml H20 2 (30 % soln. in 
H:.iO) 

4.13 clearly shows that the product selectivity changes with reaction time and thus phenol conver­

sion. With water and methanol as solvents, the para-content in the reaction products increased with 

reaction time. whereas the opposite trend was observed in acetone. Selectivities should therefore 

only be compared at similar phenol conversion levels, which is neglected in many literature reports. 

4.2.5.5 Influence of pore geometry and external surface 

To further investigate the solvent and shape selectivity effects in the phenol hydroxylation over 

TS-I, the experimental results were compared to larger-pore zeolites such as Al-free Ti-beta and 

Ti-HMS. If shape selectivity plays a major role in tbe TS-1 catalyzed phenol hydroxylation with 

aqueous H20 2 , the selectivities should be different in larger-pore systems. The same applies for 

the solvent effects observed for TS-1; if these solvent effects are caused by steric effects inside the 

micro-channels, they should be less pronounced for larger pores. 

Shape selectivity effects can also be identified by comparing the product distribution obtained 

from the reaction inside the pores to the reaction at external surface of the zeolite, as no shape 
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selective effects are expected for a reaction at the external surface. External surface deactivation 

by cycle-wise CVD of TEOS was described in section 2.6.1 as a tool to obtain information about 

the catalytic reaction inside the pores. Another approach is to block the access to the pore system, 

forcing the reaction to occur at the external surface. Tuel et al. ( 1991) used a non-calcined TS-1 

for a phenol hydroxylation reaction with the aim of obtaining the product distribution generated 

exclusively by the external surface. In this study, a high activity and a very high selectivity towards 

catecbol (> 95 % for the first 60 min of the reaction) of the external surface was reported. These 

findings could not be confirmed in this work: a low activity was observed when a non-calcined TS-1 

was taken for a phenol hydroxylation experiment and only a slight excess of catechol was obtained 

when compared to a calcined catalyst at the same phenol conversion. A comparison of the phenol 

hydroxylation results for a non-calcined TS-I and a TS-1 calcined at 550 °C is shown in Table 4.8. 

Table 4.8: Comparison of calcined and as-synthesised TS-I for the phenol hydroxylation 

Catalyst I X,, (%] I XF1202 [%] I H:202 eff. [%] I ~-ratio1 I 
non-calcined TS-1 (run 1) 2.1 9.2 48 0.91 
non-calcined TS-1 (nm 2) 3.0 14.5 40 0.66 

calcined TS-1 28.l 100 78 0.72 

tn. = 6 h, T = 60 "C, l.2 g phenol, 5 ml water, 0.12 g TS-I (dcry.stat = 0.1 µm), 0.6 ml H2O2 (30 % 
solo. in H2O); 1 determined at Xp of l.6 % 

The results for the phenol hydroxylation with a non-calcined TS-1 were not reproducible. The 

results were found to be dependent on the treatment of the sample after the synthesis, especially on 

the washing of the solid obtained atler c1ystallisation. In the two runs using a non-calcined catalyst 

shown in Table 4.8. the TS-1 sample used for nm 2 was washed more extensively with deionised 

water than the sample for run 1 and the results were clearly different. The remaining template could 

be attached to the external surface of the non-calcined TS-1, altering the properties of the former. 

Furthermore, the (strongly basic) template molecules could influence the pH of the solution; another 

unknown factor is the interaction of template and hydrogen peroxide. 

The 'classical' way of obtaining information about shape selectivity in micro porous solids is to 

change the ratio of internal and external surface by changing the crystal size. Larger crystals have a 

smaller external surface and thus a smaller fmction of the active sites located at the external surface. 

The tar formation in the phenol hydroxylation can be used as an alternative method for exter­

nal surface inertisation. Thus, a TS- I sample was used for a phenol hydroxylation in water (where 

the tar formation is most pronounced, see Table 4. 7), washed extensively with deionised water and, 

without regeneration, used for another reaction cycle with water as a solvent. Table 4.9 shows the 

influence of the external surface and the crystal size of TS- I on activity and product selectivity in 

the phenol hydroxylation. A decrease in crystal size of TS- I leads to an enhancement in phenol and 
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Table 4.9: Influence of cryst.11 size and external surface activity on the phenol hydroxylation over 
TS-I 

3xl0x45 5.8 18 72.1 48 1.31 -

0.1 30.3 100 78.4 71 1.31 84.2 

0.1 (sil.) 27.8 100 94.5 78 1.54 53.0 

0 .1 ( coked)3 23.8 100 65.4 61 1.39 91.5 

tn = 6 h, T = 60 °C, 1.2 g phenol, 5 ml water, 0.12 g TS-1, 0.6 ml H202 (30 % soln. in H20); 1 

determined at Xp of 5.8 %; 2amount of tar deposited after 24 h of reaction; 3TS-l previously coked 
by I reaction cycle without calcination 

H20 2 conversion. This increase in the conversion cannot be attributed to the increase in the external 

surface, since in comparable conditions the conversion with the silanise<l sample of TS-1 was still 

significantly larger than with the large crystals of TS-1 . This suggests that the phenol hydroxylation 

over large crystals is strongly diffusion limited. van der Pol et al. ( 1992) obtained a similar conclu­

sion by comparing the activity of different crystal sizes of TS-I in the phenol hydroxylation. Thus, 

with large crystals of TS-I, the phenol hydroxylation only occurs within a small layer of the catalyst 

close to the external surface. When the product selectivities of large and small crystals are com­

pared at the same phenol conversion, the results did not show a clear trend, as shown in Figure 4.14. 

At very low phenol conversions (Xph < 5%), the large crystals showed a similar p/o-product ratio 

whereas the p/o-ratio was higher for phenol conversions > 5%. Since the peroxide efficiency was 

much lower for the larger TS- I crystals, phenol conversions higher than 10 % could not be obtained 

with the latter under the standard reaction conditions used in this work. However, the final p/o-ratio 

( obtained at 10 % phenol conversion) with the large crystals was 1.81 and thus significantly higher 

than with the small crystals . 

Silanisation of TS- I leads to a decrease in the amount of coke forme~ pointing to a decreased 

activity of the external surface, and an enhanced formation of the para-bydroxylated isomer. Similar 

observations are noted for a coked TS- I sample; no significant additional amount of tar was formed 

(7 .3 mg tar/g catalyst additionally deposited on the catalyst). However, a decrease in phenol conver­

sion as well as hydrogen peroxide efficiency was observed and the increase in the product p/o-ratio 

was not as pronounced as for the silanised sample. 

Having a similar diffusional path length, the comparison of the large TS- I crystals and the Al-free 

Ti-beta sample yields direct information on the effect of the pore structure on the phenol hydrox­

ylation. Table 4.10 shows a comparison of TS- I and Al-free Ti-beta for the phenol hydroxylation. 

The phenol conversion over large crystals of TS-1 was much lower than over Al-free Ti-beta. This 

confinns again that mass transfer controls the reaction rate in large TS-I crystals. Intracrystalline 

diffusion is expected to be faster using Al-free Ti-beta. With the larger pores of Al-free Ti~beta, 

71 



CHAPTER 4. RESULTS 

2~-------------------~ 

1.5 

small crystals ■ 

large crystals • 

5 10 15 20 25 30 

Xphenol [%] 

Figure 4.14: Product p/o-ratio vs. phenol conversion for small and large TS-1 crystals 

T = 60 °C, 1.2 g phenol, 5 ml water, 0.12 g TS-I , 0.6 ml H20 2 (30 % soln. in H20) 

Table 4.10: Influence of the zeolite crystal structure on the phenol hydroxylation 

TS-1 1 5.8 18.1 I 72.l I 48.l I 1.31 I -
Al-free Ti-,:92 18.8 88.7 I 70.0 I 45.3 I 0.45 I 118.0 

I 
I 

tn = 6 h, T = 60 °C, l.2 g phenol , 5 ml water, 0.12 g catalyst, 0.6 ml H20 2 (30 % soln. in H:20); 
1TS- l c1ystals of3x 10x45 µm; 2 Al-frec Ti-betaof2- 5 11m; 3 determined at Xp of 5.8 %; 4 amount 
of tar deposited after 24 h of reaction 

catechol was the preferred product whereas hydroquinone was preferentially formed in TS-I . This 

shows that the zeolite pore size controls the product formation . 

Although a fa~ter intracrystalline diffusion is expected for the large Al-free Ti-beta crystals, the 

reaction rate could also be govcmed by mass transfer limitations. To investigate this aspect, Al-free 

Ti-beta of t\vo different crystal sizes were synthesised and compared for a phenol hydroxylation 

reaction in water. Figure 4.15 shows the phenol conversion as a function of time obtained with small 

(dcrystal = 0.9 µm) and large (dcry.1tai = 2-6 /.Lill) crystals of Al-free Ti-beta. The smaller Al-free Ti­

beta crystals were clearly more catalytically active as phenol conversions were higher. This strongly 

suggests that the phenol hydroxylation over Al-free Ti-beta was also diffusion limited. However, as 

it is an in-eversiblc reaction, the selectivity of the phenol hydroxylation can be compared to TS-1, 

provided that the comparison is done at the same phenol conversion. 

The effect of the pore strncturc on the product selectivity was fmthcr investigated using methanol, 

the solvent with the highest para-selectivity, as the solvent. Figure 4.16 shows the product p/o-ratios 
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Figure 4.15: Effect of crystal size in phenol hydroxylation over Al-free Ti-beta 

T = 60 °C, 1.2 g phenol, 5 ml water, 0.12 g Al-free Ti-beta, 0.6 ml H20 2 (30 % soln. in H20) 

obtained as a fi.mction of phenol conversion for TS- I, silanised TS-1, Al-free Ti-beta and Ti-HMS. 

The para-selectivity was higher for TS-I than for Al-free Ti-beta, indicating that the solvent ef-
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Figure 4.16: Product p/o-ratio as a function of phenol conversion for titanium-containing molecular 
sieves of different pore size and external surface activity 

T = 60 °C, 1.2 g phenol, 5 ml methanol, 0.12 g catalyst (TS-1: dcryst-Ol = 0.1 pm, Ti-/1: dcrystal = 0.9 
µm), 0.6 ml H20 2 (30 % soln. in H20) 

fccts observed for TS- I could be generated by stcric constraints in the microporcs. Figure 4.16 
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also shows that the p/o-ratio increases with silanisation of the external surface of TS-1, confirming 

again the presence of a para-directing effect inside the pores. The very high p/o-ratio obtained for 

Ti-HMS is intriguing. However, rapid tar fom1ation through product overoxidation was observed in 

the phenol hydroxylation over Ti-HMS. Major amounts of para-benzoquinone, the product of subse­

quent oxidation ofhydroquinone, were detected. Ortho-benzoquinone, the corresponding oxidation 

product of catechol, is not expected to be stable under reaction conditions [Taylor and Battersby 

(1967)]. Once formed, it rapidly polymerises to form tars and is thus not detected in the reaction 

mixture, explaining the high p/o-ratio in the products. A very poor product selectivity (3.2 %, based 

on phenol) and peroxide efficiency (15.5 %) demonstrates that the phenol hydroxylation was not the 

dominating reaction; the main reaction was H20 2 decomposition and product overoxidation to tars. 

Exclusive formation ofpara-hydroxylated products in the phenol hydroxylation with aqueous H202 

over Ti-MCM-41 was also reported by Kulawik et al. ( 1995). The reported phenol conversion and 

peroxide efficiency were very low and the results in that publication are likely to originate from the 

same effects that were observed for Ti-HMS in this work. Defects in the walls of the mesoporous 

structure and the resulting presence of large an1ounlc; of silanol groups are held responsible for the 

pronounced hydrophilicity of mesoporous crystalline titanosilicates [Chen et al. ( 1997), Rhee and 

Lee (1996)]. As a result of the hydrophilic properties of the framework, high H20 2 concentrations 

are likely to be present at the titanium sites. This could facilitate the observed overoxidation and 

peroxide decomposition reactions. Due to the fact that the above mentioned side-reactions domi­

nate under the reaction conditions, the results obtained from Ti-HMS catalyzed hydroxylations of 

monosubstituted benzenes cannot be compared to TS-1 or Al-free Ti-beta. 

Table 4.6 summarises the results obtained for the phenol hydroxylation over titanium-substituted 

zeolites. In the blank reaction (e.g. without catalyst), only a slow hydrogen peroxide decomposition 

reaction and phenol conversion to tars was observed. The solvent effects observed for TS- I were 

much less pronounced for Al-free Ti-beta. Although, as observed for TS-1, protic solvents (methanol 

and water) lead to a higher para-selectivity, the ortho-isomer catechol was always the preferred 

product in the Al-free Ti-beta catalyzed phenol hydroxylation. In all solvents tested, the p/o-ratio 

was higher for TS- I. This strongly confirms the presence of shape selective effects in the TS-1 

microporcs. 

Silanisation of the external surface of small TS- I crystals lead to an increase in para-selectivity 

for all solvents, supporting the hypothesis that the reaction taking place at the extcmal surface of TS-

1 shows less shape selectivity. In Table 4.6, the experimental results for a parent and a silanised TS-1 

are compared for a fixed reaction time or phenol conversion. Applying the kinetic model introduced 

in section 4.2.2 and extracting the rate constants from the experimental data, the contribution of 

internal and external smface to the total activity and selectivity can be decoupled and quantified 

by using equation 4.11 and 4. l 2. Table 4.12 shows the rate constants for internal and external 
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Table 4.11: Influence of solvent on the phenol hydroxylation after 6 h ofreaction time 

Catalyst I Solvent I Xp [%] I XJT20 2 [%] I Sp[%] I H1O2 eff. [%] I ~-ratio5 I tar [mg/g]6 I 
blank:1 Water <I 3.5 - - only tars -

Water 30.3 100 78.4 72 1.29 84.2 

TS-1 2 Methanol 22.8 100 71.1 58 2.14 57.0 

Acetone 19.6 82.8 76.4 68 0.84 47.0 

Water 27.8 100 94.5 78 1.49 53.0 

TS-1 ( sil. )3 Methanol 21.6 92 .1 90.4 68 2.50 46.l 

Acetone 15.1 52.0 79.7 72 1.06 46.7 

Water 18.8 88.7 70.0 48.3 0.42 118.0 

Al-free Ti-/94 Methanol 7.2 37. l 35.2 33 .7 0.56 -
Acetone 2.9 19.7 51.5 40.7 0.38 -

Ti-HMS Methanol 6.8 89.6 3.2 15.5 5.2 7 -

T = 60 °C, 1.2 g phenol, 5 ml solvent, 0.J 2 g catalyst, 0.6 ml H2O2 (30 % soln. in H2O); 1no 
catalyst added; 2dcrystal = 0.1 J.1.m; 3dcryst.al = 0.1 Jtm after 20 cycles of CVD of TEOS; 4

dcrystal 

= 2 - 5 pm;5at Xp = 7 %; 6amount of tar deposited on TS- I after 24 h; 7 (pam-benzoquinone + 
hydroquinone)/catechol 

surface of TS- I in tnc phenol hydroxylation; values in brackets represent the contribution of total 

formation/consumption in percent. On the basis of the rate constants shown in Table 4.12, the 

Table 4.12: Rate constants for internal and external activity in the phenol hydroxylation over small 
TS-1 crystals 

rate const. Water Methanol Acetone 
l internal I external internal I external internal external mnl.,n2 ·.< 

k1 2.02e-6 (31) 1.98e-5 (69) 9.23e-7 (54) 3.37e-6 (46) 3.45e-7 (36) 2. 7 6e-6 (64) 

k2 l.70e-6 (47) 8.43e-6 (53) I .30e-6 (37) 9.80e-6 (63) 1. l 4e-8 (2 8) 1.29e-7 (72) 
k3 7.07e-7 (36) 5.59e-6 (64) 2.l0e-7 (53) 8.18e-7 (47) I .29e-7 (32) l .22e-6 ( 68) 

kt 1.23e-6 ( 41) 7.7le-6 (59) 6.24e-7 (73) l .00e-6 (27) l.46e-7 (46) 7.45e-7 (54) 

~ 2.36e-7 (18) 4.7le-6 (82) l .4le-7 (51) 5.92e-7 (49) l.51e-8 (16) 3.55e-7 (84) 
k, 4.15e-8 (13) l. l 8e-6 (87) l .04e-7 (58) 3.20e-7 (32) 4.04e-9 (52) l.6le-8 (48) 

kt 8.23c-8 (4) 7.52c-6 (96) 8.86e-8 (20) l .55e-6 (80) 6.98e-8 (28) 7.90c-7 (72) 

Values in brackets: contribution to total rate of formation/consumption in%; T = 60 °C, 1.2 g phenol, 
5 ml solvent, 0.12 g TS-l (dcrystal = 0.1 pm), 0.6 ml H202 (30 % soln. in H2O) 

product selectivity on the external surface and inside the pores can be evaluated. Table 4.13 shows 

internal and external product p/o-ratios in different solvents for the phenol hydroxylation over TS-1, 

expressed as the ratio of the rate constants for hydroquinone and catechol formation. The selectivities 

for the para isomer were always higher inside the pores. This effect can be further enhanced by protic 

solvents (see Table 4.12). The influence of the solvent was less pronounced at the external surface. 

However, even at the external surface. catechol formation was only preferred with acetone as the 

solvent. 
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Table 4.13: Internal and external p/o-ratios in different solvents for the phenol hydroxylation over 
TS-1 

I Water I Methanol I Acetone J 

~internal 
k. 1.74 2.97 l.13 
le. 
?,:external 1.38 1.23 0.61 

T = 60 °C, 1.2 g phenol, 5 ml solvent, 0.12 g TS-I (dcrystal = 0.1 ;tm), 0.6 ml H202 (30 % soln. in 
H20) 

4.2.6 Anisole hydroxylation 

To investigate the influence of the substituent at the aromatic ring of the reactant, the results obtained 

in the TS-J catalyzed phenol hydroxylation were compared to the hydroxylation of the methyl ether 

of phenol, e.g. anisole. As for the phenol hydroxylation, the influence of the external surface, the 

pore structure of the catalyst and the solvent were studied. 

In Figure 4.17, the typical concentration-time profiles of reactants and products, as well as the 

fit of the kinetic model applied (equations 4.5-4.10} are given for the hydroxylation of anisole over 

TS-1 with methanol as the solvent. As for the phenol hydroxylation, good model fits were obtained 
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Figure 4.17: Concentration-time profile in the anisole hydroxylation over TS- I 

T = 60 °C, 1.2 g anisole, 5 ml methanol. 0.18 g TS-1 (dcryst.al = 0.1 µm), 0.6 ml H20 2 (30 % soln. in 
H20) 

to represent the experimental data. No meta-hydroxylated anisole nor any other products were found 

(sec appendix E.2 for a typical HPLC chromatogram of an anisole hydroxylation reaction mixture). 
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4.2.6.1 Solvent effects 

Given the strong influence of the solvent on the product selectivity in the phenol hydroxylation, 

the existence of similar solvent effects in the anisole hydroxylation was investigated. This could 

give further information about the reaction mechanism of aromatic hydroxylations over titanium­

substituted zeolites. 

The influence of the solvent on product selectivity and catalytic activity is not as well docu­

mented in the literature as for the phenol hydroxylation. However, a higher para-selectivity for 

protic solvents was found by Kumar and Bhaumik (1998) and Bhaumik and Kumar (1995) in the 

anisole hydroxylation over TS-1. In both publications, the anisole hydroxylation was also studied 

in triphase conditions, i.e. in the presence of a separate aqueous phase. However, triphase condi­

tions introduce a number of additional parameters such as mass transfer limitations in the bulk liquid 

phase, homogeneous dispersion of the catalyst, unknown adsorption properties and concentrations 

in each phase etc., that would also have to be investigated. For water-immiscible reactants such as 

anisole, the catalytic hydroxylation reaction was studied with methanol and acetone as solvents, the 

former representing a protic and the latter representing a non-protic solvent. 

Figure 4.18 and 4.19 show the influence of the solvent on the activity ( expressed as anisole 

conversion) and product selectivity ( expressed as p/o-ratio) in the anisole hydroxylation over TS- I 

and Al-free Ti-beta. 
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Figure 4.18: Influence of solvent on the activity of (a) TS-1 and (b) Al-free Ti-beta in the anisole 
hydroxylation 

T = 60 °C, 1.2 g anisole, 5 ml solvent, 0.18 g catalyst (TS-1: dcrystal = 0.1 11,m, Ti-,B: dcrystat = 0.9 
µm), 0.6 ml H202 (30 % soln. in H20) 

Similar to the phenol hydroxylation, the activity in the anisole hydroxylation was higher with 

methanol than with acetone as the solvent for both TS-1 and Al-free Ti-beta. The effect of the 

solvent in the anisole hydroxylation also follows a similar trend as in the phenol hydroxylation. 

Using methanol as a solvent. more of the para-hydroxylated isomer was formed for both catalysts. 
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Figure4.19: Influence of solvent on the product p/o-ratio in (a) TS-I and (b) Al-free Ti-beta cat­
alyzed anisole bydroxylation 

T = 60 °C, 1.2 g anisole, 5 ml solvent, 0.18 g catalyst (TS- l: dcrystal = 0.1 µm, Ti-,B: dc-ry3 ta1 = 0. 9 
11m), 0.6 ml H2O2 (30 % soln. in H20) 

However, the effect of the solvent on the product distribution was much more pronounced for Al-free 

Ti-beta than for TS-1; the opposite was found in the phenol hydroxylation. 

The rate constants for anisolc consumption, peroxide decomposition and formation of products 

and tars in different solvents were determined for TS-1 using the kinetic model introduced in section 

4.2.2 and arc shown in Table 4.14. Although the smaller AI-free Ti-beta crystals (dcrystal = 0.9 

µm) were used, the reaction was likely to be mass transfer limited as was observed for the phenol 

hydroxylation: this aspect and the kinetic data for hydroxylation reactions over Al-free Ti-beta are 

discussed in section 5.2. 

Table 4.14: Influence of solvent on the observed rate constant" for anisole hydroxylation over small 
TS- l crystals 

k·[ l ] 
' mnl·s·m 2 k1 k2 k3 ~ k1 

Anisole H2O2 dee 2-OH-anisole 4-OH-anisole Tar 

Methanol 5.67e-7 5.24c-7 l.23e-7 2.84c-7 l.60e-7 
Acetone 2.05e-7 4.20c-7 5.89e-8 l.09e-7 3 .70e-8 

T = 60 °C, 1.2 g aoisole, 5 ml solvent, 0.18 g TS-1 (dc-rystal = 0.1 J.tm), 0.6 ml H2O2 (30 % solo. in 
H2O) 

4.2.6.2 Influence of pore geometry and external surface 

The effect of the pore structure and the external surface on the product selectivity was further investi­

gated using methanol, the solvent with which the highest para-selectivity was obtained. Figure 4.20 

shows the product p/o-ratios obtained as a function of anisole conversion for TS-1, silanised TS-1 

and Al-free Ti-beta. More para-hydroxy-anisole was formed in the initial stages of the reaction for 
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Figure 4.20: Product p/o-ratio as a function of anisole conversion for titanium-containing molecular 
sieves of different pore size and external surface activity 

T = 60 °C, 1.2 g anisole, 5 ml methanol, 0.18 g catalyst (TS-I: dcrv~t.al = 0.1 µm, Ti-p: dcrystal = 0. 9 
11,m), 0.6 ml H20 2 (30 % soln. in H20) 

both TS-I and Al-free Ti-beta. In Table 4.15, the experimental results of the anisolc hydroxylation 

over TS-1, silanised TS-1 and Al-free Ti-beta are summarised. Extremely high para-selectivities 

Table 4.15: Influence of solvent and catalyst on the anisole hydroxylation after 8 h of reaction time 

Catalyst Solvent XA [%] XH203[%] SA[%] H202 eff [%] ~-ratio" 
TS-1 1 Methanol 28.2 94.5 69.7 48 2.75 

Acetone 21.5 71.4 81.9 62 2.08 
TS-1 (sil.)2 Methanol ll.l 43.2 73.9 48 2.99 

Acetone 10.5 39.8 92.5 61 2.39 
Al-free Ti-p;j Methanol 15.7 71.7 83.7 47 10.87 

Acetone 9.0 34.6 49.3 27 6.61 

T = 60 °C, 1.2 g anisole, 5 ml solvent, 0.18 g catalyst, 0.6 ml H2O2 (30 % soln. in H2O); 1dcrystal = 
0.1 µm; 2

d.crust.al = 0.1 µm after 20 cycles of CVD ofTEOS; 3dcrystal = 0.9 µm; 4at XA = 9 % 

were obtained with Al-free Ti-beta. However, especially with acetone as the solvent, the peroxide 

efficiencies in the Al-free Ti-beta catalyzed anisole hydroxylation were low. Applying equation 4.11 

to the kinetic data for the anisole hydroxylation of parent and silanised TS-1, the contribution of 

the external surface can be evaluated in the same way as for the phenol hydroxylation. Table 4.16 

shows the rate constants for internal and external surface of TS-I in the anisole hydroxylation; val­

ues in brnckcts represent the contribution of total formation/consumption in percent. On the basis 

of the rate constants shown in Table 4 .16, the product selectivity on the external smface and inside 
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Table 4.16: Rate constants for internal and external activity in the anisole hydroxylation over small 
TS-I crystals 

rate constant Methanol Acetone 

[ =hl,~nl ,.] internal external internal external 

k1 9.0le-8 (16) 2.66e-6 (84) 1.08e-7 (44) 6.30e-7 (56) 

k2 2.25e-7 ( 44) I .84e-6 (56) 2.19e-7 (43) l.30e-6 (57) 

k3 l.82e-8 (15) 5.84e-7 (85) 2.98e-8 (42) I.86e-7 (58) 

k-1 4.85e-8 (18) 1.32e-6 (82) 7.05e-8 (54) 2.80e-7 (46) 

k6 I .39e-7 (93) 2. I 5e-7 (7) 6.80e-8 (60) 2.08e-7 (40) 

k7 3.04e-9 (64) 1.28e-8 (46) l.26e-9 (4) 1. l 8e-7 (96) 

kt 2.34e-8 ( 15) 7.62c-7 (85) 8.03e-9 ( 18) I .64e-7 (82) 

VaJues in brackets: contribution to total rate of formation/consumption in%; T = 60 °C, 1.2 g anisolc, 
5 ml solvent, 0. 18 g TS-1 (dcry&tat = 0.1 J.tm), 0.6 ml H202 (30 % soln. in H20) 

the pores can be calculated. Table 4.17 shows internal and external product p/o-ratios in different 

solvents for the anisole hydroxylation over TS-1 . The influence of the solvent and the external sur-

Table 4.17: Internal and external p/o-ratios in different solvents for the anisole hydroxylation over 
TS-I 

II Methanol I Acetone I 
~internal 
kn 

2.67 2.37 

?external 2.26 1.51 

T = 60 °C, 1.2 g anisole, 5 ml solvent, 0. 18 g TS-1 (dcrystal = 0.1 11,m), 0.6 ml H20 2 (30 % soln. in 
H20) 

face was not as pronounced for the anisole hydroxylation as for the phenol hydroxylation. Whereas 

ortho- and para-selectivities were reversed in protic and aprotic solvents in the phenol hydroxylation, 

the para-hydroxy lated isomer was always preferentially formed in the anisole hydroxylation. Only 

with acetone as the solvent, the p/o-product ratios (based on the rate constants obtained for parent 

and silanised TS- I) for the internal and external smface differ substantiaJly. 

4.2. 7 Toluene hydroxylation 

Toluene was chosen ·as the third model compound for the hydroxylation of monosubstituted benzenes 

over titanium-substituted silicalites. Having a methyl group as the substituent, the toluene molecule 

is much less polar than phenol or anisole, but has similar dimensions. A comparison of the toluene 

hydroxylation to the anisole and phenol hydroxylation results could therefore give more information 

about the influence of the substituent and about the reaction mcchanism(s) governing the selectivity 

for this type of reaction . 

80 



4.2. Hydroxylation ofs11bs1ituicd benzenes using titanium-substituted molecular sieves and H2C>:: 

In Figure 4.21, the typical concentration-time profiles of reactants and products, as well as the fit 

of the kinetic model applied (see equations 4.5 - 4.10 in section 4.2.2) are given for the hydroxyla­

tion of toluene over TS-I . Jn the toluene hydroxylation, all three cresol isomers were detected (see 

2000 

1500 
~ 
0 
E .s 

(.) 1000 

100 200 300 400 

t [min] 

100 
toluene ■ 

H2O2 • o-cresol A 
m-cresol ♦ 
p-cresol • 80 

60 ~ --0 
E .s 

40 (.) 

20 

500 

Figure 4.21: Concentration-time profile in the toluene hydroxylation over TS-1 

T = 60 °C, 1.2 g toluene, 5 ml methanol, 0.3 g TS-1 ( dcrystal = 0.1 µm), 0.6 ml H202 (30 % soln. in 
H20) 

appendix E.4 for a typical HPLC chromatogram of a toluene hydroxylation reaction mixture), thus 

the meta-hydroxylation path must be considered in the kinetic model. As Figure 4.21 shows, the 

same kinetic model used for the phenol and anisolc hydroxylation (see section 4.2.2) could be ap­

plied with additional rate constants for the formation and subsequent over-oxidation of meta-cresol. 

A good fit for all concentration-time profiles was obtained in all systems investigated. 

4.2.7.1 Solvent effects 

For the toluene hydroxylation, even less data than for the anisole hydroxylation exist in the literature. 

Additionally, the existence of meta-cresol as a reaction product is not consistently reported by all au­

thors, which renders a comparison of product selectivities difficult. Vayssilov et al. (1997) reported 

the absence of side-chain oxidation to bcnzyl alcohol or benzaldehyde, but ring-hydroxylation of 

toluene was only reported at the ortho and para position. Kumar and Bhaumik ( 1998) and Bhaumik 

and Kumar (I 995) found trends similar to the phenol and anisole hydroxylation in the TS- I cat­

alyzed hydroxylation of toluene; in protic solvents, more pani-cresol was formed. However, in both 

publications, the formation of meta-cresol was not mentioned. Marchal et al. (1993) and Wu et al. 

( 1998) both reported meta-cresol as a reaction product, the former one being the only publication 
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where data for product selectivities including all three isomers are given. 

As for the phenol and anisole hydroxylation, the influence of tbe solvent on the catalytic activity 

and product selectivity was investigated under the same aspects. The reaction was studied with 

methanol and acetone as solvents, the former representing a protic and the latter representing a non­

protic solvent. 

Figure 4.22, 4.23 and 4.24 show the influence of the solvent on the activity (expressed as toluene 

conversion) and product selectivity ( expressed as p/o-ratio and meta-content in cresols) in the toluene 

hydroxylation over TS-1 and Al-free Ti-beta . 
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Figure 4.22: Influence of solvent on the activity of (a) TS-1 and (b) Al-free Ti-beta in the toluene 
hydroxylation 

T = 60 °C, 1.2 g toluene, 5 ml solvent, 0.3 g catalyst (TS-1: dcrystal = 0.1 µm, Ti-,8: da-vst.al = 0.9 
µm), 0.6 ml H2O2 (30 % soln. in H2O) 
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Figure 4.23: Influence of solvent on the product p/o-ratio in (a) TS-1 and (b) AJ-free Ti-beta cat­
alyzed toluene hydroxylation 

T = 60 °C, 1.2 g toluene, 5 ml solvent, 0.3 g catalyst (TS-1: dcrystal = 0.1 ~tm, Ti-/J: da-vstal = 0.9 
µm), 0.6 ml H2O2 (30 % soln. in H2O) 
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Figure 4.24: Influence of solvent on the meta-cresol content in the cresol fraction in (a) TS-1 and 
(b) Al-free Ti-beta catalyzed toluene hydroxylation 

T = 60 °C, 1.2 g toluene, 5 ml methanol, 0.3 g catalyst (TS- I: dcrystal = 0.1 µm , Ti-.8: dcrystal = 0. 9 
/.tm), 0.6 ml H202 (30 % soln. in H20) 

As for the phenol and anisole hydroxylation, the activity in the toluene hydroxylation was higher 

with methanol than with acetone as the solvent for both TS-1 and Al-free Ti-beta. The effect of 

the solvent in the anisole hydroxylation also follows a similar trend as already seen in the phenol 

and anisole hydroxylation; in methanol, more of the para-hydroxy lated isomer was formed for both 

catalysts. The effect of the solvent on the product distribution was more pronounced for Al-free 

Ti-beta than for TS- I. The formation of meta-cresol was not significantly affected by the solvent for 

TS-I: a significantly enhanced formation of meta-crcsol was only observed for Al-free Ti-beta with 

acetone as the solvent. 

The rate constants for toluene consumption, perox..ide decomposition and forrnation of products 

and tars in different solventc; were detem1ined for TS-I using the kinetic model introduced in section 

4.2.2 and are shown in Table 4.18. Due to the possible presence of mass transfer limitations in Al­

free Ti-beta crystals, a direct comparison to the activity of TS-I is difficult; the product selectivities 

however can be compared to TS-I. The rate constants in Table 4.18 show that TS- I was less active 

Table 4.18: Influence of solvent on the observed rate constants for toluene hydroxylation over small 
TS- I crystals 

k ·[ I ] k1 k2 k3 I k4 ks kt 

I 
t mol•s·m2 

Toluene H202au o-cresol p-cresol m-cresol Tar 

Methanol l.02e-7 5.69e-7 2.28e-8 I l.95c-8 8.7le-9 s.14e-s I 
Acetone 6.73e-8 2.18e-7 2.25e-8 I I .02c-8 5.95e-9 2.s1e-s I 

T = 60 °C, 1.2 g toluene, 5 ml solvent, 0.3 g TS-I (<lcrystai = 0. l J.tm), 0.6 ml H20 2 (30 % soln. in 
H20) 

for the hydroxylation of toluene than for anisole and phenol. Furthermore, it is confinned that the 
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activity of TS-I in the toluene hydroxylation is higher when methanol is used as the solvent. 

4.2.7.2 Influence of pore geometry and external surface 

The role of the external surface in terms of activity and product selectivity was examined for the 

hydroxylation of toluene using the same approach that was used for the phenol and anisole hydrox­

ylation. Silanisation of the external surface of small TS-! crystals was applied to gain information 

about the catalytic properties inside the pores and at the external surface of TS- I. The influence of 

the pore stmcture and thus the presence of shape selectivity effects for this reaction was investigated 

using Al-free Ti-beta for the toluene hydroxylation and comparing the selectivities obtained to TS-1 . 

The effect of the pore structure and the external surface on the product selectivity was charac­

terised using methanol, the more selective solvent in terms of para-selectivity, as the solvent. Figure 

4.20 shows the product p/o-ratios and content of the meta-isomer in cresols obtained as a function 

of toluene conversion for TS-I, silanised TS- I and Al-free Ti-beta. The experimental results of the 
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Figure 4.25: (a) product p/o-ratio and (b) %meta-isomer in cresols as a function of toluene con­
version for titanium-containing molecular sieves of different pore size and external 
surface activity 

T = 60 °C, 1.2 g toluene, 5 ml methanol, 0.3 g catalyst (TS-1: dcryst.al = 0.1 11,m, Ti-/,: dcrystal = 0. 9 
J.tm), 0.6 ml H2 02 (30 % solo. in H20) 

toluene hydroxylation (after 10 h of reaction time) over TS-1, silanised TS-1 and Al-free Ti-beta 

with methanol and acetone as the solvents arc summarised in Table 4.19. The selectivities based on 

toluene and the peroxide efficiency were generally lower than observed for the phenol and anisole 

hydroxylation. Especially for Al-free Ti-beta. the toluene selectivities and peroxide efficiencies were 

poor; the selectivity towards para-cresol was however higher. For silanised TS-1, a lower activity 

but higher peroxide efficiency, toluene selectivity and product para-selectivity was observed than 

for parent TS-l. The influence of the external surface can be quantified by evaluating the kinetic 

constants for parent and silanised TS-1 in the same way as for the phenol and anisole hydroxylation. 
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4.2. Hydroxylation of substituted benzenes using titani11m-suhstiwted molecular sieves and H202 

Table 4.19: Influence of solvent and catalyst on the toluene hydroxylation after 10 h of reaction time 

Catalyst Solvent Xr [%] XH202[%] Sr[%] H2O2 eff. [%] o: m: p4 [%] 

TS-1 1 Methanol 13.5 91.2 47.6 24 45 : 17 : 38 

Acetone 12.7 46.8 61.0 23 57: 16: 27 

TS-I (sil.)2 Methanol 7.5 74.7 57.9 57 35: 19: 46 

Acetone 9.5 38. l 61.2 49 55 : I 6: 29 

Al-free Ti-/33 Methanol 8.1 55.3 29.3 17 22: 13 : 65 

Acetone 7.1 25 .8 14.1 8 29: 20 : 51 

T = 60 °C, 1.2 g toluene, 5 ml solvent, 0.3 g catalyst, 0.6 ml H2O2 (30 % soln. in H2O); 1
dCTystat = 

0.1 µm; 2dcrystal = 0.1 11,m aft.er 20 cycles of CVD of TEOS; 3dcrystal = 0.9 ,,m; 4 at Xr = 7 % 

Table 4.20 shows the rate constants for internal and external surface of TS- J in the toluene 

hydroxylation; values in brackets represent the contribution of total formation/consumption in per­

cent. On the basis of the rate constants shown in Table 4.20, the product selectivity on the external 

Table 4.20: Rate constants for internal and external activity in the toluene hydroxylation over small 
TS-1 crystals 

rate constant Methanol Acetone 
[ __ ,_~i . .l internal external internal I external 

k1 4.15e-8 (3 7) 3.70e-7 (63) 3. lle-8(41) 2.26e-7 (59) 

k2 3.04e-7 ( 49) l.73e-6 (51) l.3 Je-7 (54) 6.00e-7 (46) 

k3 8.99e-9 (36) 8.37e-8 (64) l .06e-8 (42) 7.49e-8 (58) 

k1 I. I 8e-8 (55) 5.33e-8 (45) 5.88e-9 (52) 2.91 e-8 ( 48) 
k:; 4.55e-9 (48) 2.70e-8 (52) 3.19e-9 (48) l .80e-8 (52) 

~ 2.12e-8 (65) 6.68e-9 (35) 7.18e-9 (19) l .49e-7 (81) 

kr 5. I 9e-9 (23) 9. l 9c-9 (77) 9.87e-9 (56) 4 .12e-8 (44) 
kg 3.1 0c-9 (52) 6.1 0c-9 ( 48) 6.55e-9 (12) 2.27e-7 (88) 

kt 5.70e-9 (29) 2.52c-7 (71) I . l 4e-8 (36) l.04e-7 (64) 

Values in bracket<; : contribution to total rate of formation/consumption in %: T = 60 °C, 1.2 g 
toluene, 5 ml solvent, 0.3 g TS-I (dcrystal = 0.1 tim), 0.6 ml H2O2 (30 % soln. in H2O) 

surface and inside tbe pores can be evaluated. Table 4.21 shows internal and external product p/o­

ratios in different solvents for the toluene hydroxylation over TS- I. The ortho-position was clearly 

Table 4.21: Intema1 and external p/o-ratios in different solvents for the toluene hydroxylation over 
TS-I 

II Methanol I Acetone I 
I:intemal 1.31 0.55 

~external k. 0.64 0.39 

T = 60 °C, 1.2 g to;uene, 5 ml solvent, 0.3 g TS-I ( dcry&taJ = 0. J /.tm), 0.6 ml H2O2 (30 % solo. in 
H2O) 
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CHAPTER 4. RESULTS 

favoured in the toluene hydroxylation over TS-1. The para-hydroxylated product was only prefer­

entially formed inside the pores when methanol was the solvent. The formation of the meta-isomer 

was largely unaffected by the solvent; similar meta-selectivities were also obtained for internal and 

external surface of TS-1. 

4.3 Hydroxylation of naphthalenes with Al-free Ti-beta and Ti­

HMS 

Being a novel material, the catalytic properties of Al-free Ti-beta were also tested for the hydroxy­

lation of compounds that are too large to enter the TS- I pores, such as substituted naphthalenes. 

1-naphthol and 2-methyl-naphthalene were taken as 'model compounds' for this reaction class, 

yielding 1,4-naphthoquinone and 2-methyl-1,4-naphthoquinone as the main reaction products, re­

spectively. 1,4-naphthoquinone is widely used as an anti-oxidant and 2-mcthyl-1,4-naphthoquinone 

is also known as vitamin K3 or menadione, a very efficient anti-bleeding agent [Anunziata et al. 

( 1999)]. Both reactions are therefore of interest for a potential industrial application [Sheldon et al. 

(1998a)]. Table 4.22 shows the reaction results for the hydroxylation of 1-naphthol over Al-free 

Ti-beta, Ti-HMS and TS- I . As for the hydroxylation of monosubstituted benzenes, onJy a slow 

Table 4.22: Hydroxylation of 1-naphthol over titanium-substituted zeolites 

catalyst [ XNaph [%1 [ X112 0 2 [%] [ SNaph [%]4 j H2O2 eff. [%] 4 
[ 

blank1 0.5 4.1 - -
TS-l'l 2.5 8.0 - -

Al-free Ti-;33 18.9 32.8 59.7 81.4 
Ti-HMS 44.9 61.3 12.8 24.1 

tR = 8 h, T = 60 °C, 1,2 g 1-naphthol, 0.24 g catalyst. 5 ml acetone, 1 ml H2O2 (30 % in H2O); 
1without catalyst; 2dcrysta.l = 0.1 µm; 3

dcryst.al = 0.9 11,m; 4selectivity towards 1,4-naphthoquinone 

conversion of 1-naphthol and of hydrogen peroxide to tars and H2 O/O2 was observed in the blank 

reaction, respectively. Similar results were obtained with TS-1. Since 1-naphthol is not expected to 

be able to enter the TS-1 pores, the conversion was low and tars were presumably forn1ed at the ex­

ternal surface. Ti-HMS showed higher activity than TS- I, but selectivities based on 1-naphthol and 

H2O2 were low. Over Al-free Ti-beta however, satisfactory selectivities were obtained. The reaction 

results for the hydroxylation of 2-methyl-naphthalene over titanium-containing zeolites are shown 

in Table 4.23. Similar to the 1-naphthol hydroxylation, a selective formation of the naphthoquinone 

was only observed in the reaction over Al-free Ti-beta. The conversion of2-methyl-naphthalcne was 

however low. 
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4.4. Diff11sivities of aromatics in TS-/ and Al-free Ti-betn in various solvents 

Table 4.23: H:rdroxylation of2-methyl-naphthalene over titanium-substituted zeolites 

catalyst I XNaph [%] I XH2 0 2 [%] I SNa.ph [%]4 I H2O2 eff. [%]4 I 
blank1 <I 3.2 - -
TS-1:l 0 .3 8.1 2.1 8.7 

Al-free Ti-,B3 2.4 !O. l 58.8 88.2 
Ti-HMS 2.0 73.2 2.0 6.0 

t.R = 8 h, T = 60 °C, 1,2 g 2-methyl-naphthalene, 0.24 g catalyst, 5 ml acetone, 1.3 ml H2O2 (30 % 
in H2O); 1without catalyst; 2dcrystal = 0.1 11m; 3dcrystal = 0.9 µm; 4selectivity towards 2-methyl-1,4-
naphthoquinone 

4.4 Diffusivities of aromatics in TS-1 and AI-free Ti-beta in var­

ious solvents 

4.4.1 Suitability and limits of the experimental setup 

The assumptions made in the original ZLC model and the difficulties of the extension of this method 

from the gas-phase to the measurement of liquid-phase diffusivities in microporous solids were 

pointed out in section 2.5.1. One of the major prerequisites of the ZLC technique is a small, dif­

ferential zeolite bed. Very small amounts of zeolite, genemlly less than 10 mg, are therefore used 

in gas-pha.;;e experiments [Duncan and Moller (2000), Eic and Ruthven (1988)] to fulfil the 'zero 

length' criterion. The conditions for the validity of this criterion has been evaluated by Duncan and 

Moller (2000). lt was shown that the zeolite bed, assumed to be of 'zero length', can always be con­

sidered as being differential as long as the characteristic parameter L (extracted from the intercept 

of the long-time region of the ZLC curves) is larger than;:::; 10. 

In Liquid-phase ZLC experiments, the amount of catalyst in the catalyst bed bas to be much 

larger than in the gas-phase, mainly due to the limited detector sensitivity as shown by Ruthven and 

Stapleton (1993). ln th.is work, reliable measurements for all compounds were possible for catalyst 

amounts of 70 mg of large TS-1 crystals (dcryst.at = 5 x l0x45 µm)in the ZLC columns. However, 

the parameter L was greater than 100 for all experiments. Thus, it can be assumed that the 'zero 

length' criterion is fulfilled. 

Being a novel technique, the suitability of the experimental setup of the liquid-phase ZLC method 

and the validity of the asswnptions made in the theoretical model is demonstrated in the following 

paragraphs. 

4.4.1.1 Reproducibility 

To ensure that the desorption curves monitored in the ZLC experin1ent<; were not influenced by the 

packing of filling material or the catalyst, the ZLC column was repacked with catalyst and filling 
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material and the runs were repeated under standard conditions. Fi!,rure 4.26 shows ZLC transient 

desorption curves of phenol in TS-I with water as the solvent: for each run, the column was repacked. 

All three rnns shown in Figure 4.26 can clearly be represented by the same ZLC desorption curve. 

run 1 □ 

run 2 o 

run 3 "' 

0.1 

0 

U 0.01 
0 

0.001 

0.0001 ~-~-~--~-~-~~-~-~--~-~-~ 
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 

t [s] 

Figure 4.26: Reproducibility of ZLC experiments 

T = 30 °C, F = 2 ml/min, 70 mg TS-1, Co.phenol = 0.2 wt.%, solvent: water 

Particularly in the Jong-time region. where the diffusional time constant is extracted, all experimental 

desorption curves show a straight line with identical slopes. The reproducibility of the method is thus 

satisfacto1y. 

4.4.1.2 Blank response 

A very important factor in transient transport diffusion studies is the blank response of the system. 

The system and the ZLC column have to be designed in such a way that dead volumes and backmix­

ing are minimised. Furthem1ore, the system has to be inert, e.g. especially the reactor filling material 

should not adsorb the diffusing compounds. A series of blank experiments was therefore conducted 

\vith various reactor filling materials; the setup was identical to the one used for the ZLC diffusion 

studies except that no catalyst was present in the column. Figure 4.27 shows a comparison of the 

desorption curves obtained from a run without column, with a ZLC column packed only with filling 

material, and a ZLC column packed with filling material and TS-1. Not all filling materials were 

suitable for the ZLC columns. Commercially obtained chromatographic sand for example showed 

significant adsorption of the aromatic compounds, even after calcination at 950 °C. SiC granules (d 
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Figure 4.27: ZLC desorption curves for blank columns and for columns containing catalyst 

T = 30 °C, F = 2 ml/min, Co,phenot = 0.2 °"'1.%, solvent: water 

= 350 /tm) and silanised glass beads (d = 250 pm) were good filling materials due to their inertness 

as the response curve of a (blank) column filled with SiC granules displayed in Figure 4.27 shows. 

However, even for suitable packing materials, the response of a blank column shows some tailing 

and retention of the aromatic, probably caused by axial dispersion, backmixing and non-ideal flow 

patterns in the column. To a minor extent, the same effects were also observed when the column 

was bypassed, which is an indication for axial dispersion and backmixing in the lines, valves and/or 

in the detector cell. Ruthven and Stapleton ( 1993) modeUed the blank response of the system using 

a combination of a plug- and a well mixed flow. The calculated values for the PFR-CSTR model 

of the blank reactor were then used to correct the ZLC desorption curves. However, in the latter 

study the sho11-time (initial) region of the desorption curves was fitted and as a consequence, the es­

timated diffusivities of the compounds investigated were orders of magnitudes higher than the ones 

investigated in this study. 

The optimisation of the curve fit to the experimentally determined ZLC desorption curves was 

not the aim of this work, but reliable measurement of binary liquid-phase diffusion coefficient<; 

applying the ZLC technique. Although the comparison of a 'blank' column and a column packed 

with TS-1 shows that the initial region of the desorption curve is influenced by interstitial fluid hold­

up, the blank response has no influence in the long-time region of the desorption curve, which is 

where the ZLC theoretical model is used to extract diffusivities and Henry's constants. As Figure 

4.27 demonstrates, the tail of the desorption curve was governed only by diffusion of the aromatic 

compound from the zeolitc crystals. 
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4.4.1.3 Independence of measured diffusivities on concentration and flow rate 

Another assumption made in the modelling of transient ZLC desorption curves is that the isotherm 

is in the linear region, i. e. that Henry's law is obeyed in the region where diffusivity and ad­

sorption constants are extracted. In most publications that use the ZLC method, the validity of this 

assumption was tested by repeating a ZLC experiment with different concentrations of the diffusing 

hydrocarbon. Jf the adsorption isotherm is indeed in the linear region, the slope of the transient des­

orption curve in long-time region (in a semi-logarithmic plot of C/C0 vs. t) should be identical for 

all concentrations. Figure 4.28 shows two ZLC runs for hydroquinone diffusing in TS-1 at different 

initial concentrations with water as the solvent. identical slopes in the long-time region of the des-

0.1 ~------------------~ 
C0 = 0.1 % e,. 

C0 = 0.5 % □ 

0.01 

0 
0 0.001 

0.0001 

0 2000 4000 6000 8000 10000 12000 14000 16000 

t[s] 

Figure 4.28: independence of ZLC desorption curves ofhydroquinone in TS-1 on concentration 

T = 30 °C, F = 2 ml/min, solvent: water 

orption curves for hydroquinone at different initial concentrations demonstmte that the assumption 

of the isotherm being in the Henry's region is justified. However, Figure 4.28 also shows that the 

influence of background noise is less pronounced for higher concentration levels; concentrations of 

0.2 - 0.5 % were therefore used for subsequent ZLC experiments. 

In the previous paragraph, the importance of blank experiments and the independence of the 

monitored desorption curves offluid hold-up in the long-time region was highlighted. To give further 

evidence that the long-time region of the ZLC curves is controlled only by intrac1ystalline diffusion, 

a ZLC diffusion experiment was repeated at different flow rates of the purging carrier solvent. Figure 

4.29 shows the ZLC transient desorption curves of phenol diffusing in TS-1 at different flow rates. 

From Figure 4.29, it is evident that the tail of all transient desorption curves represents a straight line 

with the same slope for all flow rates. However, at higher flow rates the detector noise becomes more 
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Figure 4.29: ZLC desorption curves for the diffusion of phenol in TS-I at different purge flow mtes 

T = 30 °C, Co,pli e.nat = 0.2 wt.%, solvent: water 

important since the concentration has to be measured at very low levels; fl.ow rates of l - 2 ml/min 

were therefore used to obtain 'clean' curves of higher accuracy. 

4.4.1.4 Mode] fit 

The theoretical background of the ZLC model was described in section 2.5.1 . The parameters DIR 2 

and L were determined from the slope and intercept of the long-time region of the experimental 

desorption curves and used to calculate theoretical ZLC curves. Figure 4.30 shows experimental and 

calculated ZLC desorption curves for the diffusion of phenol in TS-1 with water as the solvent. A 

very good fit was obtained for the linear tail of the curve whereas a deviation in the sh01t-time region 

is evident, probably )riginating from a non-linear detector response at high concentrations. A model 

fit of similar high quality was obtained for all compounds studied, proving the validity of the ZLC 

theory for the interpretation of the measured desorption curves. 

4.4.2 Dependence of liquid-phase intracrystalline diffusion on the solvent 

In the gas phase, the effect of counter-diffusing gas molecules can generally be neglected as their 

diffusivity is much larger and little interactions exist between the inert carrier gas and the hydro­

carbon. In the liquid phase however, the counter-diffusing solvent could have an influence on the 

mobility of diffusing molecules, particularly if the kinetic diameter of these molecules are close to 

the pore dimensions of the microporous solid as it is the case for aromatics diffusing in TS- l pores. 
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Figure 4.30: Experimental and calculated ZLC desorption curves for the diffusion of phenol in TS-1 

T = 30 °C, F = 2 ml/min, Co,pltenol = 0.2 wt.%, solvent: water 

Few reports are available on the influence of the counter-diffusing solvent and no data at all are 

available for the diffusion of phenols in TS- I. The diffusivity of phenol, catcchol and hydroquinone 

in TS-1 was therefore measured in water and methanol as the solvent under identical conditions; 

Table 4.24 shows the diffusivity values extracted from the ZLC desorption curves. 

Table 4.24: Diffusivity and Henry's constant of phenol, hydroquinone and catechol in TS-1 with 
water and methanol as solvents 

I 
Water I Methanol I 

D [n:2] I Kl D [n:2] I Kl 

Phenol 5.2e-17 77.7 4.4e-16 0.61 
Catechol 8.2e-17 14.8 J.Se-16 0.64 

Hydroquinone J.0e-16 6.2 9.2e-l 7 1.02 

T = 30 °C, Co,aromatic = 0.2 wt.%, F = 1 ml/min; 1extracted from ZLC curve 

4.4.3 Influence of the substituent at the aromatic ring on the diffusivity 

The influence of the nature of the substituent attached to the aromatic ring on activity and selectiv­

ity in TS-I was investigated in kinetic studies of the hydroxylation reaction. The influence of the 

substituent on the mass transport of monosubstituted benzenes was investigated applying the ZLC 

method. Table 4.25 shows the intracrystalline diffusivities of phenol, anisole and toluene in TS-1 

with methanol as the solvent. Although the values in Table 4.25 are in the same order of magnitude, 

a significant difference in diffusivity in the order phenol > anisole > toluene was obtained. 
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Table 4.25: Diffusivities of phenol, anisole and toluene in TS-1 

I D[~2] I 
Phenol 4.4e-I6 
Toluene l.2e- l 6 
Anisole 2.2e-16 

T = 30 °C, Co,aromatic = 0.2 wt.%, F = 1 ml/min, solvent: methanol 

4.4.4 Temperature dependence of diffusion 

As pointed out in section 3.6, there is generally a great deal of inconsistency concerning the values 

for intracrystalline diffusivities reported in the literature. Depending on the experimental method 

used and the model applied to extract the diffusivity, the values found in the literature vary by orders 

of magnitude. However, the activation energy of diffusion extracted from measurements at different 

temperatures are generally in good agreement. The activation energy for the liquid-phase diffusion 

of phenol in TS- I was therefore measured with the ZLC method and compared to literature values. 

The temperature :iependence of the diffusivity is given by the following van 't Hoff-type equation: 

EA) Dc(T) = D00 • exp(- RT (4.13) 

Table 4.26 shows the diffusivity of phenol in TS-1 obtained with the ZLC method at different 

temperatures. Figure 4.31 shows an van 't Hoff plot of the measured diffusivity values at different 

Table 4.26: Jntracrystalline diffusivity of phenol in TS- I at different temperatures 

I T [0 C] / Dphenol [~'] / 

0 2.4e-l 7 
30 5.2e-l 7 
60 7.7e-17 
80 I. I e-16 

F = 2 ml/min, Co.phenol= 0.2 wt.%, solvent: water 

temperatures. The good linear fit obtained in Figure 4.31 shows the van '! Hoff-type dependency of 

the diffusivity on the temperature. From the slope of the plot, an activation energy of 20.4 kJ/mol 

can be extracted for the diffusion of phenol in TS-1 with water as the cotmter-diffusing solvent. 

4.4.5 Dependence of intracrystalline diffusivity on the pore structure 

The liquid-phase Z~C method was successfully applied to measure the intracrystalline diffusivity 

of aromatics in TS- I using different solvents. Although the diffusion in AJ-frce Ti-beta is expected 

to be faster due to the larger pores, the hydroxylation of phenol over the Al-free Ti-beta samples 
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Figure 4.31: van't Hoff plot of the intracrystalline diffusivity of phenol in TS-I 

F = 2 ml/min, Co,phenol = 0.2 wt.%, solvent: water 

used in this work was also shown to be mass-transfer limited (see Figure 4 .15). The measurement of 

intracrystalline diffusivities for aromatics in Al-free Ti-beta is thus of great interest, particularly for 

a comparison to the diffusivity values obtained for TS-1. Due to their small external surface area, 

the large Al-free Ti-beta crystals were suitable for diffusion studies and were used for a ZLC column 

packing, applying identical setups and procedures as for TS- I. Table 4.27 shows a comparison of 

the diffusivity values for phenol in TS-I and Al-free Ti-beta, determined with the ZLC technique. 

The intracrystalline diffusion of phenol is about a factor of 8 faster in Al-free Ti-beta than in TS-1 . 

Table 4.27: Diffusivity of phenol in TS-1 and Al-free Ti-beta 

catalyst I Dpheu,ol [~] I 
TS-1 5.2e-l 7 

Al-free Ti-beta 3.9e-l 6 

T = 30 °C, F = 2 ml/min, Co,phcno& = 0.3 wt.%, solvent: water 

As expected, the larger pores of Al-free Ti-beta allow faster transport of the aromatic hydrocarbons 

through the microporous system. The intracrystalline diffusivity of phenol in Al-free Ti-beta with 

methanol as the solvent was determined to be l.5· I0- 1·5m2/s (T = 60 °C), hence much closer to the 

diffusivity of phenol measured for TS-I with methanol (4.4-J0- 16m2/s at T = 30 °C). 
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4.4.6 Comparison of pulse and ZLC method 

In the previous paragraphs, the suitability of the ZLC technique to measure liquid-phase intracrys­

talline diffusivities of aromatics in TS-1 and Al-free Ti-beta was shown. A pulse technique was 

applied in this work to measure Henry's constants with a different experimental setup (see section 

3.5.1.1). However, a pulse method can be applied to measure intracrystalline diffusivities using the 

ZLC columns and the ZLC experimental setup if the adsorption of the compound is strong enough 

and the diffusivity sufficiently slow. These conditions were fulfilled for the adsorption and diffu­

sion of phenol, catechol and hydroquinone in TS-1 with water as a solvent, thus the pulse method 

as described in section 2.5.2 (see also Schwan (2001 )) was applied to measure the diffusivity and 

Henry's constants for these systems and to compare the results to the ZLC values. Instead of a step 

desorption response as for the ZLC method, the transient response curve of a pulse of the diffusion 

hydrocarbon is monitored and the diffusivity and Henry's constant can be extracted from the tail 

in a similar way as demonstrated for the ZLC method. Figure 4.32 shows a calculated and a mea­

sured pulse response curve. As for the ZLC method, the experimental response curve obtained by 
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Figure 4.32: Experimental and calculated pulse response curves for phenol in TS-1 

T = 30 °C, f = 1 ml/min, Co.phenol= 0.5 wt.%, solvent: water 

the pulse method is represented very accurately by the theoretical model. The diffusivity of phe­

nol, catechol and hy<lroquinone was determined using the pulse technique in water as the solvent. 

Table 4.28 shows a comparison of the intracrystalline diffusivity values determined using ZLC and 

pulse technique. The values obtained from the pulse method were in avemge about a factor of 2 -

4 higher than the values obtained from the ZLC method. This demonstnltcs again that absolute val­

ues for transpoti diffusivities arc dependent on the experimental measurement technique. However, 
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Table 4.28: Diffusivity of phenol in TS-1: Comparison of ZLC and pulse technique 

ZLC technique1 Pulse technique1 

D [m2/s] K D [m2/s] K 
Phenol 5.2e-l7 77.7 2.3e-l6 84.3 

Catechol 8.2e-17 14.8 3.9e-16 9.2 
Hydroquinone l.Oe-16 6.2 5.2c-16 6.1 

1T = 30°C, F = 1 - 2 ml/min, Co,a,·omatic = 0.2 wt.%, solvent: water 

considering that two completely different models and techniques are compared, the values were in 

good agreement. Furthennore, the pulse technique yielded consistently higher diffusivities for all 

compounds, confirming that the relative values are correct. 

4.5 Adsorption of aromatics on TS-1 and Al-free Ti-beta in var­

ious solvents 

4.5.1 Suitability and limits of the experimental setup 

lo the previous paragraph, a pulse technique was applied to measw-c intracrystallinc diffusivities. 

The liquid-phase chromatographic technique used in this work to measure adsorption coefficients 

relies on a similar experimental technique; the response of a hydrocarbon pulse injected into a zeo­

lite bed is monitored. However, despite this similarity the pulse and the chromatographic method are 

based on different principles. The former is based on monitoring a transient pulse response where 

mass transfer resistances create a concentration gradient in the microporous solid, whereas the latter 

method is based on the absence of diffusional resistances; the concentration in the pores is assumed 

to be uniform and in equilibrium with the concentration in the bulk solution. The equilibrium cri­

terion represents the most important assumption made by applying the chromatographic technique 

to measure Heruy's constants in the liquid phase. The principles and asswnptions are essentially 

identical with the ones for the gas-phase pulse technique introduced in section 2.4. l and the same 

equations arc used to calculate tbe Henry's constants. The chromatographic technique has been ap­

plied in many publications and has been proven to be a suitable technique to determine adsorption 

coefficients [Awum et al. (1988), Boulicault ct al. ( 1998), Langhendries et al. ( I 999), Lin and Ma 

( 1989)]. The experimental setup used in this work was also used by Langhendries et al. ( 1999) and 

has been shown to be suitable for the measurement of Henry's constants in TS-J and Al-free Ti-beta 

in the liquid phase. However, two major limitations have to be mentioned. Firstly, if the adsorption 

in the microporous solid is too strong, the peak first and second moments become too large and 

cannot be determined accurately. Secondly, the crystal size of the microporous solid has to be small 
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enough to ensure the absence of diffusional resistances . 

4.5.2 Adsorption of substituted benzenes 

4.5.2.1 Batch method 

Since relatively high concentrations were used in the reaction studies, the adsorption isotherms were 

not expected to be in the linear region under reaction conditions. The batch adsorption method was 

therefore used to determine separation coefficients underreaction conditions and -concentrations and 

to compare the results to Henry's constants determined with the chromatographic technique. Table 

4.29 shows the partition coefficients and the calculated activity coefficient for phenol in different 

solvents for TS-1 and a silicalite-1 sample as detem1ined by the batch method. A very strong ad-

Table 4.29: Phenol partition (a) and activity(,) coefficients in different solvents 

I Solvent I a(TS-1)1 I a(S-1)'.l I --/1 I 
water 33 19 9.05 

methanol ~, - 0.59 
acetone ~1 - 0.31 

T = 30 °C, 0. 1 g catalyst. 5 ml solvent, 0.25 g phenol; 1TS-1 of derysf.al = 0.1 Jtm; 2Silicalitc-1 of 
dcrystat = 0.2 µm; 3 calculated with UNIFAC at reaction conditions 

sorption of phenol in TS-1 was found with water as the solvent whereas no preferential adsorption of 

phenol was observed in methanol and acetone. The strong adsorption of phenol in water was more 

pronounced for TS- I than for S-1. Table 4.29 also shows that the partition coefficients measured 

correlate with the calculated activity coefficients for phenol. 

4.5.2.2 Chromatographic method 

The assumption of ·:1dsorption equilibrium in the chromatographic adsorption study was verified by 

changing the flow rate of the carrier solvent. A plot of the peak first moment 11. 1 versus the ratio 

of bed length and superficial fluid velocity (Lcatlu1) should show a Linear relationship for all flow 

rates if equilibrium was attained (see equation 2.1 in section 2.4.1). The respective plots for TS- I 

and Al-free Ti-beta are shown in Figure 4.33. A linear relationship was indeed found for flow rates 

between 0.05 and 0.3 ml/min, confirming the validity of the assumption that adsorption equilibrium 

was attained during the chromatographic measurements. Small deviations from linearity were ob­

served at higher flow rates (> 0.3 ml/min); a flow rate of 0.1 ml/min was therefore used for the 

chromatographic liquid-phase adsorption study. The chromatographic method wa~ used lo deter­

mine the Henry's constants of various aromatics with water, methanol and acetone as the solvents in 

TS-1 and Al-free Ti-beta. Typical responses of pulse injections into a TS-I adsorption column with 
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Figure 4.33: Equilibrium adsorption data for toluene adsorption in TS-1 and Al-free Ti-beta show­
ing µ 1 plotted against Lw1/u 1 (T = 30 °C); solvent: methanol 

methanol as the carrier solvent are displayed in Figure 4.34. The peak first moments were deter-
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Figure 4.34: Typical chromatographic responses obtained for pulse injection of aromatics in a TS-1 
column (T = 30 °C) 

mined by integration (see equation 2.1) of the peak responses and the Henry's constants calculated 

for various substituted benzenes with water, methanol and acetone as the solvents. The dead time of 

the system was detcrrnined prior to the measurements and subtracted from the peak retention times 

obtained. The results are displayed in Table 4.30. Phenol, hydroquinone and catechol were the only 
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Table 4.30: Henry's constants for the adsorption of substituted benzenes in different solvents in TS­
I and Al-free Ti-beta 

~ TS-1 1 Al-free Ti-betai 
for compound Water3 I Methanol / Acetone Water3 I Methanol I Acetone 

Phenol 77.7 0.66 0.62 17.15 1.31 0.72 
Hydroquinone 6.2 0.63 0.62 0.45 0.89 0.69 

Catechol 14.8 0.67 0.66 1.11 8.50 1.34 
p-benzoquinone - 0.62 0.57 - - -

Anisole - 1.32 0.62 - 4.21 0.81 
p-hydroxy-anisole - 0.66 0.61 - 1.91 -

Toluene - 1.40 0.63 - 3.86 0.77 
o-cresol - 0.62 0.58 - 0.77 -
m-cresol - 0.63 0.59 - - -
p-cresol - 0.65 0.6 - 1.47 -

Acetanilide - 0.80 0.66 - 1.61 0.77 
p-bydroxy-acetanilide - 0.64 0.67 - 1.15 -

Water - 0.76 1.36 - 0.73 1.15 
1,3,5-Triisopropylbenzene - 0.60 0.56 - 0.62 0.58 

T = 30 °C, F = 0.1 mJ/min; 1dr.-ry.,t.al = 0.1 µm; 1dcrystal = 2 - 5 µm; 3determined by ZLC pulse method 

compounds studied with water as the solvent due lo the limited solubility of the other aromatics in 

water. With water as a solvent, the peak first moment was too large to be accurately measured by the 

chromatographic method. The ZLC pulse method was therefore used as the experimental technique 

to detenmne the Henry's constant<; for the aromatic compounds in water. I,3,5-Triisopropylbenzene 

was used as a reference compound for a non-adsorbing aromatic hydrocarbon since its kinetic diam­

eter is larger than the pore openings of both TS- I and Al-free Ti-beta. Thus, only compounds with 

a Henry's constant significantly greater than the one determined for 1,3.5-triisopropylbenzene are 

preferentially adsorbed in the micropores of the solid. 

4.5.3 Adsorption of naphthalenes 

The chromatographic setup was also used to determine the Henry's constants for the adsorption of 

various substituted naphthalenes in TS- I and Al-free Ti-beta. Table 4.3 I shows the results obtained. 

The small Henry's constant for the adsorption of 1-naphtbol (similar to 1,3,5-triisopropylbenzene) 

in TS-I indicates that substituted naphthalenes cannot enter the pores of TS- I under reaction con­

ditions. Only 2-mcthyl-naphthalene and, to a minor extent, 1-naphthol were preferentially adsorbed 

by Al-free Ti-beta when methanol was the solvent. 
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Table 4.31: Henry's constants for the adsorption of substituted naphthalenes in different solvents in 
TS-1 and Al-free Ti-beta 

K, TS-1 1 Al-free Ti-beta2 I 
for compound Methanol Acetone Methanol I Acetone 

1-Naphthol 0.62 0.6 0.78 0.63 
1,4-naphthoquinone - - 0.63 0.6 

2-methyl-naphthalene - - 5.33 0.64 
2-methyl- l ,4-naphthoquinone - - 0.70 0.64 

1,3,5-Triisopropylbenzcne 0.6 0.56 0.62 0.58 

T = 30 °C, F = 0.1 ml/min; 1dcrystat = 0.1 {tm: 2dcry.1tal = 2 - 5 µm 
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Chapter 5 

Discussion 

5.1 Selective liquid-phase adsorption of aromatics by titanium­

containing molecular sieves 

As both TS- I and Al-free Ti-beta arc known to be very hydrophobic materials, a very high adsorp­

tion coefficient for hydrocarbons was expected in water. This was shown by the strong adsorption 

of phenol, catechol and hydroquinone in water; the hydrophobic silicalite framework prefers the 

aromatic over the very polar water molecules. The polarity seems to be the key factor in detennin­

ing the adsorption ,)roperties of the aromatic molecule. The more polarised the aromatic ring, the 

less strongly the molecule was ad-,orbed in TS-1 and Al-free Ti-beta with water and methanol as 

the solvent. This becomes more apparent by comparing the aromatic reactants with their hydrox­

ylated reaction products. The hydroxylated isomers were consistently less strongly adsorbed since 

the addition of a hydroxyl group to the aromatic ring increases the polarity and hydrophilicity of the 

molecule. However, with acetone as the solvent, all adsorption constants were low, indicating that 

acetone was preferred over aromatic compounds in all cases. 

A comparison of the adsorption constants for products and reactants also partially explains why 

the hydrophobic titanium silicalites are efficient catalysts for aromatic hydroxylations with aque­

ous hydrogen peroxide. The hydroxylated (primary) reaction products arc principally more easily 

oxidised than the reactants, which is the reason for the generally lower selectivities observed in 

homogeneously catalyzed reactions. However, for the formation of tars or overoxidation products 

in TS-1 or Al-free Ti-beta, the hydroxylated aromatic molecules first have to re-adsorb onto the 

catalyst surface and subsequently react again with titanium hydroperoxo sites. Since the reactant 

is more hydrophobic and clearly preferred over the reaction products, competitive adsorption is in 

favour of the former. Readsorption and subsequent overoxidation ofhydroxylatcd aromatics is thus 

suppressed. A second factor is the adsorption of hydrogen peroxide, which is presumably relatively 
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weak considering the polarity (and hydrophilicity) of the H2O2 molecule. Since immediate reaction 

of the peroxide with the titanium sites occurs, the ad.;;orption properties of H2O2 could not be de­

tennined. No indications for possible intraporous H2 O2 concentrations in TS-1 can be found in the 

literature. On the basis of the polarity of the molecule, water can be taken as a 'model' compound for 

H2O2 . Table 5.1 shows dielectric constants (a measure for the polarity of the molecule) of solvents 

and reactants. Low K values for water (see Table 4.30) suggest that the intraporous concentration 

Table 5.1: Dielectric constants for substrates and solvents 

compound [ dielectric constant E.-r 1 [ 

water 80.4 
acetone 20.7 

methanol 33.0 
hydrogen peroxide 70.7 

phenol 28.l 
anisole 4.3 
toluene 2.4 

1T = 298 K, taken from Thangaraj et al. (1994) and ASI Instruments (2001) 

of hydrogen peroxide is also relatively low, which could be another key factor for the stability and 

excellent catalytic properties of titanium silicalitcs. Large crystals of TS-I and Al-free Ti-beta (hav­

ing small external surface areas) showed little activity for H2O2 decomposition with acetone and 

methanol as the solvent, supporting the assumption that the intraporous hydrogen peroxide concen­

tration is low in these solvents. With water as the solvent, since H2O2 is less polar than H2O, the 

H202 concentration in the pores is higher, resulting in a higher rate of decomposition. Under reaction 

conditions however, strong adsorption of the aromatic compound will lower intraporous H 2O2 con­

centration levels. Excessive hydrolysis of Ti-O-Si bonds is prevented and peroxide decomposition 

suppressed through the control of the H2O2 concentration at the active sites, which results in very 

good peroxide efficiencies. The clearly inferior catalytic properties of hydrophilic materials such as 

mesoporous titanosilicates or amorphous SiOrTiO2 with aqueous H2O2 support this argument. 

5.2 Diffusion of aromatic compounds in TS-1 and Al-free Ti­

beta from the liquid phase 

The suitability of the ZLC method to determine liquid-phase intracrysta1\ine diffusivities in TS-l and 

Al-free Ti-beta has been shown in section 4.4.1.1 - 4.4.1.4. Good reproducibility and independence 

of the measured diffusivities of important parameters such as b}an; response of the system, con­

centration of diffusing compound and purge flow rate have been demonstrated. Furthermore, it has 
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been shown that the experimental data fit the theoretical model very well, confinning that reliable 

intracrystalline diffusivity values can be extracted from the measured ZLC desorption curves. 

5.2.1 Intracrystalline diffusivities of substituted benzenes in TS-1 

The intracrystalline diffusivities determined with the ZLC method in this work are about an order 

of magnitude larger than the values reported by Wu et al. (1998) and van der Pol et al. (1992). 

The former used a batch uptake rate method to determine the diffusivity of toluene in TS- I and 

reported a value of~ l -J0-18 ~
1 

(T = 0°C), whereas the latter estimated the diffusivity of phenol 

in TS- J to be ~ 2· J 0- 18 ~
2 

(T = 60°C) using kinetic data from samples with different crystal sizes. 

However, it has to be considered that in these studies, the diffusivity of the aromatic compound was 

measured under reaction conditions, i. e. in the presence of not only the solvent, but also H2O and 

H2O2 . Strong interactions between the aromatic substrate and the titanium hydroperoxo groups arc 

expected and more severe space restrictions in the presence of 'open' titanium sites in the channels 

could also decrease the mobility of the aromatic molecules. The diffusion of aromatic molecules 

could therefore be lower under reaction conditions. lt has to be emphasised that the diffusivities 

reported in this work are binary counterdiffusivities with only the solvent and the aromatic compound 

competing for adsorption and diffusion. 

The influence of the counter-diffusing solvent on the intracrystalline diffusivity has rarely sys­

tematically been studied in the literature. In the few repo1is available, mostly sodium- and potassium­

exchanged zeolites X and Y were studied and most authors report liquid-phase diffusivities similar 

to values obtained in the gas phase [Brandani and Ruthven ( 1995), Ching and Ruthven (1988), Lin 

and Ma (1989), Ruthven and Stapleton (1993)]. In some cases. the diffusivities measured for mi­

croporous solids in liquid systems were reported to be even larger than the corresponding gas-phase 

values [Boulicault et al. ( 1998)], which was explained by an expansion of the zeolite lattice at high 

loadings. In the above mentioned studies, it was generally concluded that the coW1ter-diffusing sol­

vent in liquid systems bas little influence on the diffusivity in microporous solids. However, Awum 

et al. (l 988) reporteo a significant reduction of the diffusivity of benzene in zeolite NaX when chang­

ing the solvent from hexane to cyclohexane. 

From the ZLC diffusivities extracted from the transient desorption curves of phenol, hydro­

quinonc and catechol in TS- I it is clear that the solvent has a strong influence. The diffusivity of 

phenol in TS-1 increased by almost an order of magnitude when the solvent was changed from water 

to methanol. For catechol, the diffusivity increased only by a factor of 2 and the diffusivity of hy­

droquinone was hardly influenced by the solvent. The influence of the solvent is therefore strongly 

dependent on the interactions of solvent, zeolite and aromatic compound in the particular system. 

A comparison of the intracrystalline diffusivity values and the Henry's constant for a particular 
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compound-solvent combination suggests the existence of a correlation between the diffusion in the 

pores and the adsorption of the compound by the zeolite. The stronger the aromatic molecule was 

adsorbed, the slower the mass transport in the TS- I channels. The same trend was observed when 

the diffusivitics of phenol, anisole and toluene in TS-1 with methanol as the solvent were compared. 

The most strongly adsorbed compound toluene showed the slowest diffusion. In previous chapters 

it has been shown that geometric constraints exist for aromatics in the medium-size pores of TS- J • 

It is therefore consistent to assume that strong interactions of the aromatic molecule and the zeolite 

walls, expressed as a large Hcruy's constant, impose a restriction on the mobility of the molecule 

which translates into a slower diffusion. Since the adsorption of aromatics in TS-1 strongly depends 

on the solvent (as shown in Table 4.30), the latter also has an influence on the diffusivity. 

Diffusivity values reported in the literature differ by several orders of magnitude, depending on 

the method and experimental setup used. The activation energies for diffusion are however generally 

in good agreement. The van't Hoff plot for the diffusion of phenol in TS-1 with water as the counter­

diffusing solvent at different temperatures shows a good linear correlation (see Figure 4.31 ), and an 

activation energy of 20.4 kJ/mol was determined. No literature value exists for comparison, but the 

activation energy determined in this work is in the same range as values reported for aromatics in ze­

olite NaX and silicalite/ZSM-5. Awum et al. (I 988) reported an activation energy of 14.7 kJ/mol for 

the diffusion of phenol in zeolite NaX with water as the solvent and 27.2 k.J/mol for the diffusion of 

benzene in NaX with hexane as counter-diffusing solvent; similar values were reported by Ruthven 

and Stapleton (1993). Table 5.2 shows literature values for measured liquid-phase counterdiffusiv­

ities of aromatics in silicalite/ZSM-5 (the isostructural analogues of TS-1) taken from Karger and 

Ruthven ( 1992). 

5.2.2 Intracrystalline diffusivities of substituted benzenes in Al-free Ti-beta 

No comparison of liquid-phase intrac1ystalline mass transport in the medium-pore TS-1 and the 

large-pore Ti-beta is available in the literature. Although the large crystals of Al-free Ti-beta were 

generally suitable for diffusion measurements using the ZLC method, the diffusional path length 

could not be determined as accurately as for the TS-1 sample. The large TS-1 crystals showed a very 

narrow crystal size distribution and the diffusional path length can be assigned to the half-thickness 

of the slab-shaped crystals [Karger and Ruthven ( 1992), Ruthven et al. ( 1991 )]. The Al-free Ti-beta 

sample consisted of well faceted truncated bipyramids and showed a crystal size distribution between 

1 and 5 Jtm. The shape was therefore approximated with the spherical model and the diffusional path 

length corrected (I~ 1.8 JLm) according to Duncan and Moller (2001). 

A comparison oftbe diffusivity of phenol in TS-1 and Al-free Ti-beta (with water as the counter­

diffusing solvent) under identical conditions showed that the mass transport of phenol in Al-free 
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Table 5.2: Diffusion of aromatics in silicalite/H-ZSM-5 from the liquid phase [Karger and Ruthven 
(1992)) 

sorbatc/ sorbcnt crystal Method T D EA 
solvent size [/.tm] [K] [ "!2] [~+i] 

Benzene/ silicalite 27 ZLC 313 2.5· 10-14 -
n-hexanc 333 4.0· 10-14 

p-xylene/ silicalite 27 ZLC 313 8.5· 10-15 -
n-hexane 

ethy !benzene/ silicalite 27 ZLC 313 3.1 · 10-15 -
n-hcxane 
toluene/ silicalitc 1.2 LC 303 8.0·10- 14 18 

cyclohexane 323 1.2-10-15 

toluene/ H-ZSM-5 1.5 batch 306 l.7·10-11 -
iso-octane 
p-xylene/ H-ZSM-5 l.5 batch 288 1.3-10-17 25.4 
iso-octane 320 3.6· 10- 11 

n-propylbenzene/ H-ZSM-5 l.5 batch 288 2.1-10- 18 34 
iso-octane 320 8.5-to- 18 

Ti-beta is about a factor of 8 faster than in TS- I. Thus, the phenol molecules are able to move 

significantly faster through the larger channels of Al-free Ti-beta, which confirms that the pores of 

Al-free Ti-beta impose less geometric constraints on monosubstituted benzenes than the ones ofTS-

1. With methanol as the solvent, the difference between TS-l and Al-free Ti-beta for the diffusivity 

of phenol was much smaller. 

5.3 Hydroxylation of substituted benzenes with TS-1, Al-free Ti­

beta and Ti-HMS 

5.3.1 Activity 

5.3.1.1 Influence oftbe solvent 

A pronounced effect of the solvent on the activity of the titanium-substituted zeolites was found 

for all hydroxylation reactions. In the phenol hydroxylation, the activity of both TS-1 and Al-free 

Ti-beta decreased in the order water >> methanol > acetone. In the hydroxylation of anisole and 

toluene, both catalyst" were more active in methanol than in acetone. The exceptionally high actiYity 

for TS-I and AJ-free Ti-beta in the phenol hydroxylation with water as the solvent can be explained 

by the very strong adsorption of phenol in the zcolitc pores. This result" in higher reaction rates with 

water as the solvent. Adsorption effects can also explain the higher activity for both catalysts in the 
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anisole and toluene hydroxylation with methanol as compared to acetone. Tbe Henry's constants for 

anisole and toluene were higher when methanol was the solvent. As for the water-phenol system, 

the higher concentration of the aromatic in the pores causes higher reaction rntes with methanol as 

the solvent. However, the Henry's constants for phenol in TS- I and Al-free Ti-beta as determined 

by the chromatographic and the batch method, shown in Table 4.30 and Table 4.29, respectively, 

were almost identical. Thus, adsorption phenomena cannot explain the higher activity of TS-I and 

Al-free Ti-beta for the phenol hydroxylation in methanol. 

To explain the lower activity in acetone, attention must be focused on the second reactant, i. e. 

hydrogen peroxide. The interactions ofketones and H2O2 are known in organic chemistry. This may 

lead to the formation of explosive peroxides [Davies ( 1961 )]. A variety of peroxides and hydroper­

oxides can be also formed from the interaction of acetone with H2O2 . Figure 5.1 shows various 

compounds formed by reactions of acetone with hydrogen peroxide. All reactions are equilibrium 

reactions and, except for the acid-catalyzed cyclisations (species 5), they are possible in both basic 

and acidic environments [Davies ( 196 I), Sauer and Edwards ( 1971 )]. The reaction scheme shows 

commonly reported acetone-H2O2 reactions, but it does not cover all possible compounds formed 

and more pathways certainly do exist [Davies ( 1961)]. The formation of the primary adduct (species 
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Figure 5.1: Reactions of acetone with hydrogen peroxide 
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1 in Figure 5.1) was intensively studied by Sauer and Edwards ( l 971 ). In their study, the equilibrium 

of the primary adduct reaction was determined at different temperatures and the thermodynamic pa­

rameters 6RH and 6RS are reported to be -29.29 kJ/mol and 117.15 J/(mol·K), respectively. The 
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equilibrium constant for the reaction 

Acetone+ H2O2 ;:::: 2-hydroxy-2-hydroperoxy-propane (1) 

is given by 
c(Adduct 1) ( 6.RG) 

Ke= c(Acctone) · c(H202) = exp - R-T 
(5.J) 

At 60 °C, the equilibrium constant Ke equals 0.0298. Hence, at equilibrium, 24% of the hydro-

gen peroxide has reacted to 2-hydroxy-2-hydroperoxypropane at the start of the reaction. Equilib­

rium should be easily attained, since Sauer and Edwards (I 971) established that the rate ofreaction 

for the formation of the adduct 1 is several orders of magnitude faster than the phenol hydroxyla­

tion. However, th.is calculation does not take the 'secondary' equilibria for the reaction oftbe primary 

adduct to species 2 and 3 into account. The equilibrium constants and thermodynamic parameters for 

these 'secondary' reactions are unknown. It is however reported that significant formation of species 

2 and 3 can be expected in H2Orrich solutions and acetone-rich solutions. respectively [Davies 

(1961), Sauer and Edwards (1971)]. Hence, the free hydrogen peroxide concentration should be 

even lower than estimated with the above calculation. Since these reactions are reversible, H2O2 can 

be 'restored' from the adducts as it is consumed in the hydroxylation reaction and the adduct reac­

tion is shifted back to acetone and H2O2. Some loss ofH2 O2 due to decomposition of acetone-H2O2 

adducts can however be expected. 

5.3.1.2 Influence of the catalyst 

The activity ofTS-1, Al-free Ti-beta and Ti-HMS (or Ti-MCM-41) has often been compared in the 

literature for various reactions, the most studied ones being epoxidation reactions. A higher activity 

was consistently reported for TS- I in the cpoxidation of linear olefins, wherea.<, Ti-beta was more 

active in the epoxidation of branched and cyclic olefins; mesoporous titanosilicates showed little 

activity with aqueous H2O2. From these results, it was generally concluded that TS-I is intrinsically 

more active than Ti-beta [ van der Waal and van Bekkum ( 1997), van der Waal et al. ( 1998b ), van der 

Waal ( 1998), Carma et al. ( 1995)}; only when the substrate was restricted from entering the pores of 

TS-1 or djffusional resistances became important, Ti-beta showed higher activity. 

The lower activity of mcsoporous titanium molecular sieves can be explained by the pronounced 

hydrophilicity of these materials, which originates from a high concentration of Si-OH groups at 

their internal smface. Although a very high initial reactivity in the phenol hydroxylation over Ti­

HMS was observed, rapid deactivation occurred through extensive tar formation. Overoxidation of 

hydroxylated reaction products to tars and peroxide decomposition were the dominant reactions, 

thus rendering a comparison to TS- I and AJ-free Ti-beta difficult. Rhee and Lee (1996) also used 

mesoporous titanosilicates (Ti-MCM-41) for phenol hydroxylation reactions and also reported rapid 
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catalyst deactivation and poor reproducibility of the results accompanied by framework disintegra­

tion and Leaching of titanium. High concentrations of hydrogen peroxide in the Ti-HMS mesopores 

and rcadsorption of the (more polar) reaction products, caused by a high hydrophilicity of the frame­

work, could explain this experimental result. Consequently, polar compounds such as water, protic 

solvents and hydrogen peroxide arc much more strongly adsorbed than the hydrocarbon substrate, 

thus inhibiting the catalytic performance. 

A similar explanation was given for the inferior activity of Al-containing Ti-beta: Brnnsted acid 

sites generated by the presence of aluminium in the framework increase the hydrophilicity. However, 

after the successful synthesis of aluminium-free Ti-beta, epoxidation reaction results for TS-1 and 

Ti-beta showed the same trends. Van der Waal et al. [van der Waal et al. (1998b), van der Waal 

and van Bekkum (1997)]. Dartt and Davis (1996) and Blasco et al. (1998) used different methods 

for the synthesis of Al-free Ti-beta and compared the activity to TS-I. 1n all cases, a higher activity 

in the epoxidation of linear alkenes ( 1-hexene, 1-octene) was found for TS-1; with cyclic alkenes 

[Dartt and Davis (1996)] and terpenes [van der Waal et al. (1998b)], Al-free Ti-beta was reported to 

be more active. Since both materials have very similar hydrophobicities [Blasco ct al. ( 1998), Da1tt 

and Davis (1996), van der Waal et al. (1998a)], it was concluded that the titanium sites in TS-I are 

intrinsically more active than the ones in Al-free Ti-beta. 

van dcr Waal ( 1998) however acknowledged that even for the epoxidation of 1-octene over Al­

free Ti-beta, diffusional limitations might exist. Diffusional limitations for TS-1 are well docu­

mented [van der Pol et al. ( 1993)] and very small crystallites (dcryst.aJ < 0.3 µm) are generally used for 

catalytic reactions whereas the Al-free Ti-beta samples in most literature reports consist of relatively 

large crystals (dcrystal > I 11,m or nol reported) due to the synthesis method. Although intracrystalline 

diffusion is expected to be faster in Al-free Ti-beta, diffusional limitations might have played a role 

in some studies. 

A second, very important factor is the adsorption of all compounds on the zeolite. Corma et al. 

( 1996a) presented a kinetic study of the oxidation of alcohols over Al-containing Ti-beta and con­

cluded that the kinetics cannot be adequately treated unless the adsorption equilibria on the catalyst, 

including the competing role of solvents, are considered. Langhendrics et al . ( 1999) studied the ad­

sorption of olefins on TS-1 , Al-free Ti-beta and Ti-MCM-41 and came to a similar conclusion since 

major differences in the adsorption behaviour between these catalysts were observed. 

5.3.1.3 Catalyst effectiveness factors for TS-1 and Al-free Ti-beta 

The influence of internal diffusion on the reaction rate in a porous catalyst was first described by 

Thiele ( 1939) by the introduction of the effectiveness factor fJ. The effectiveness factor r1 describes 

the fraction with which the intrinsic reaction rate found for very small particles is reduced by the 
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presence of internal transport limitation for larger particles: 

observed reaction rate with diffusion 
TJ = intrinsic reaction rate 

(5.2) 

The effectiveness factor can be expressed by the Thiele modulus ¢, which represents the ratio of 

reaction time over diffusion time. The definition of the Thiele modulus and the effectiveness factor 

for a second-order reaction in spherical and slab-shaped particles is given below [Levenspiel ( 1979), 

Smith (1981)]. 

For spherical particles: 

1 1 1 d 
TJ = ef)(tanh(3¢J) - 3¢); with <P = 6 

For slab-shaped particles: 

tanh(ip) 
1) = . 

<P 

. l 
with dJ = -. 2 

(5.3) 

(5.4) 

With k.-eac:1. = kfotrSVnPcat. (k.tntr is the intrinsic rate constant per sutface area of catalyst, evalu­

ated from the rate constant extracted with the kinetic model according to equation 4.5). In equation 

5 .3 and 5.4. d and l represent the crystal diameter and thickness, respectively, kreakt represents the in­

trinsic reaction rate constant per unit volume of catalyst, Co the (initial) concentration of the second 

reactant (H20 2 ) and D ef 1 the effective diffusivity of the aromatic (phenol) under reaction conditions. 

By measuring the reaction rate for significantly different particle sizes one can estimate the dif­

fusivity and the intrinsic reaction rate, as was done for the phenol hydroxylation in TS-I by van der 

Pol d al. (1993). 

However, the diffusivity and the observed rate constant for the hydroxylation reactions have been 

measured in this work, hence the intrinsic rate constants, the Thiele moduli and the catalyst effec­

tiveness factors can be calculated. Table 5.3 shows the calculated Thiele moduli and effectiveness 

factors for the phenol hydroxylation in small, spherical and the large, slab-shaped TS-1 crystals with 

water as the solvent. The calculated values for the Thiele modulus arc based on equation 5.3 and 5 .4, 

whereas the experimental value represents the ratio of observed to intrinsic rate constant according 

to equation 5.2. For the small crystals, the rate constant for phenol consumption from the silanised 

TS-1 sample was taken since it represents the reaction inside the pores where diffusional limitations 

can take place. For the nano-sized TS-J crystals tbe effectiveness factor is close to J, confirming 

the absence of diffusional limitations in the experiments with this sample. The reaction in the large, 

slab-shaped c1ystals was found to be severely diffusion lin1itcd, which is confirmed by the low ef­

fectiveness factor; only ~ 7-8 % of the active sites in this sample arc used. The reaction therefore 
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Table 5.3: Calculated Thiele moduli and catalyst effectiveness factors for the phenol hydroxylation 
over TS- I in water 

d,,,-ystal [µm] kobser,,ed [ mol•s'·m'., J ¢ l}calculated 1/exptTime.nl.al 

0.1 (spherical) 2.le-6 0.16 I 0.986 
3.0 (slabs) 1.4e-7 12.53 0.079 0.069 

T = 60 °C, 0.12 g TS-1, 1.2 g phenol, 0.6 ml H202(30% in H20), 5 ml water 

only takes place in a small layer close to the external surface of these crystals. Figure 5.2 shows 

the catalyst effectiveness factor 1J for the phenol hydroxylation over TS-1 in water as a function 

of crystal size and Thiele modulus ¢ (calculated according to equation 5.4 and equation 5.3 ). The 

Crystal diameter or thickness [µm] 
0 0.5 1 1.5 2 2.5 3 3.5 1--~-~-~~---~-~~-~-~--~-~~~ 

0.8 

~ .... 
0 -0 
~ 0.6 
(/) 
(/) 
(1) 
C: 
(1) 
> 0.4 ;.:; 
u 
~ 
w 

0.2 

.. .. 
····• ..... . 

·····• ................ . 

model : slab-shaped particles -­

model : spherical particles ···· · ·· •• 

0.1 µm crystals experimental ♦ 

3 11m crystals experimental ■ 

0 L--__ _,__ __ ---L ___ ..__ __ _,__ __ __,__ ___ ,.__ __ --'--___, 

0 2 4 6 8 10 12 14 

Thiele modulus q> 

Figure 5.2: Catalyst effectiveness factors 1J as a function of crystal size and Thiele modulus </> for 
the phenol hydroxylation over TS- I 

T = 60 °C, 1.2 g phenol, 0.12 g TS-I, 5 ml water, 0.6 ml H20 2 (30 % soln. in H20) 

evaluation for diffusional limitations was also done for the two Al-free Ti-beta samples of different 

crystal size synthesised in this work. Table 5.4 shows the calculated Thiele moduli and effective­

ness factors for the phenol hydroxylation in Al-free Ti-beta samples of different crystal size with 

water as the solvent. The calculated (intrinsic) rate constant for the phenol consumption in AJ-free 

Ti-beta with water as the solvent was 1.8· l 0-7 
1 

1 
1 . Figure 5.3 shows the catalyst effectiveness 

mo ·s ·m cot 

factor 1J for the phenol hydroxylation over TS- I in water as a function of crystal size and Thiele 

modulus cp (calculated according to equation 5.4 and equation 5.3 ). A comparison of the 'intrinsic' 

rate constants with water as the solvent calculated for Al-free Ti-beta (l.8· I0-7 mcl-:-m2 ) and TS-
c.>t 
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Table 5.4: Calculated Thiele moduli and catalyst effectiveness factors for the phenol hydroxylation 
over Al-free Ti-beta in water 

T = 60 °C, 1.2 g phenol, 0.12 g Al-free Ti-beta, 5 ml water, 0.6 ml H20 2 (30 % soln. in H20) 

,_ 
-§ 

Crystal diameter [µm] 
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1~~-~-~-.--~-~-~-.--~-~-~-.--~--,-, 

0.8 
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Q) 
C 
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Figure 5.3: Catalyst effectiveness factors 1J as a function of crystal size and Thiele modulus ¢ for 
the phenol hydroxylation over Al-free Ti-beta 

T = 60 °C, 1.2 g phenol, 0.12 g Al-free Ti-beta, 5 ml water, 0.6 ml H20 2 (30 % soln. in H20) 

I (2.1 · 10-7 
, . 

1
. 2 ) could lead to the conclusion that TS-I is intrinsically slightly more active. 

mo s meat 

However, it has to be emphasised that the observed rate constants were based on the concentrations 

in the bulk liquid phase; Table 4.30 demonstrates that at least the concentration of the aromatic com­

pound in the zeolite pores can be very different. Particularly for the reaction in water the intraporous · 

concentration of phenol is much higher than in the bulk phase with TS-1 showing a higher K value 

than Al-free Ti-beta. Adsorption of both reactants must be accounted for by the multiplication of 

the adsorption coefficient K with the reaction rate of sorbed molecules kreact · However, a correction 

of the calculated rate constants is possible for the concentration of the aromatic since the adsorption 

constant was measured, but the adsorption equilibrium of H20 2 remains unknown. The hydrogen 

peroxide concentration in the pores of both catalysts are generally expected to be low due to the hy­

drophobicity of their fran1cworks. Whereas higher concentrations of phenol are present in the TS-1 

pores compared to Al-free Ti-beta with water as the solvent, higher concentrations of H20 2 would 
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be expected in the larger pores oftbe latter. A comparison of the 'intrinsic' rate constants calculated 

for TS- I and Al-free Ti-beta is therefore difficult. 

However, the phenol hydroxylation in methanol could give an indication to the true intrinsic ac­

tivities of both catalysts. Both catalysts showed similar (small) adsorption constants for both phenol 

and water with methanol as the solvent. Taking water as a 'model' compound for hydrogen peroxide, 

it can be assumed that similar concentration levels of H2O2 and phenol exist in both TS-1 and Al-free 

Ti-beta with methanol as the solvent. The phenol consumption 'intrinsic' rate constants for the phe­

nol hydroxylation in methanol were therefore determined using the same approach as shown above 

for the reaction in water. The values forTS-1 and Al-free Ti-beta are 9.3·10-7 and 2.2· 10-7 
1 

1 
2 , 

,no •8•11lcat 

respectively. This result suggests that the titanium sites in TS-I are indeed intrinsically more active 

than the ones in Al-free Ti-beta for the hydroxylation of phenol. 

Sastre and Corma (1999) performed quantum-chemical calculations simulating the environment 

of the titanium active site in TS- I and Al-free Ti-beta. Force-field calculations for atom clusters 

representative for the strncture of TS- l and Al-free Ti-beta revealed that, although the Ti-O bond 

distance is identical for both materials, the bond angles arc different. They concluded that this 

effect alters the Lewis-acidity of Al-free Ti-beta and could potentially lead to a different activity 

of the titanium site in this material compared to TS-I. The fact that Al-free Ti-beta is more active 

than TS- I for the the ring-opening of cpoxides [Blasco et al. (l 998), Camblor ct al. ( 1996)], a 

reaction catalyzed by Lewis (and Brnnsted) acids, seems to support the conclusion that Al-free Ti­

beta possesses a higher Lewis-acidity. However, these calculations were petformed for a 'closed' 

titanium site, i. e. for a non-hydrated titanium centre in perfect tetrahedral coordination. These sites 

are very unlikely to be present after reaction of the zeolite with water and hydrogen peroxide. As 

Ti-O-Si bonds are hydrolysed upon reaction with water or H2O2, a new configuration of the titanium 

site is created and coordination as well as bond angles change. It is therefore questionable whether 

conclusions about the activity of the titanium site in TS-1 and Al-free Ti-beta can be based on 

quantum-chemical calculations if the 'real' configuration of the active site under reaction conditions 

is not taken in to account. 

The general difficulties in comparing catalyst effectiveness factors and catalytic activity in gen­

eral were pointed out in this paragraph: all adsorption equilibria, the intraporous diffusivity under 

reaction conditions and the kinetic constants have to be known to be able to make exact statements. 

The calculated higher intrinsic phenol consumption rate constant for TS-1 in the phenol hydrox­

ylation in methanol as compared to Al-free Ti-beta is however an indication that TS-1 possesses 

intrinsically more active titanium centres. 
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5.3.1.4 Influence of the substrate 

The reactivity of both TS-1 and Al-free Ti-beta for aromatic hydroxylation decreased in the order 

phenol > anisolc > toluene. The rate constants obtained for consumption of the aromatic reactant 

in the hydroxylation reactions over TS- I are comparable in acetone since no preferential adsorption 

was observed in this solvent. TS-I was 3.9 and 11.8 times less active in the anisole and toluene 

hydroxylation compared to the phenol hydroxylation, respectively. If the reaction follows a typical 

electrophilic substitution mechanism, this can be explained by the activation of the aromatic ring 

for the elcctrophilic attack. Figure 5.4 shows the effect of substitucnts on the aromatic ring in 

terms of reactivity and regioselectivity. As Figure 5.4 shows, phenol is expected to be the most 

0 0 

--OCH3 -CH3 (alkyl) -F -Br 
II II 

-C-H -C-OH 

-OH -NHCOC~ 

Ortho-and 
para-directing 

activators 

-0 -H -Cl 

Meta-directing 
deactivators 

Figure 5.4: Influence of the substituent on the aromatic ring (redmwn from McMurry (1992)) 

reactive molecule for an electrophilic attack, followed by anisole and toluene. Ramaswamy ct al. 

( 1994) reported a very similar trend in reactivity for aromatic hydroxylation over TS-1 and TS-2 and 

suggested an elcctrophilic substitution mechanism. The fact that deactivated aromatic rings do not 

react and the order of reactivity obtained in this work suggest that the reaction could indeed be an 

electrophilic attack caused by a relatively weak electrophile. 

Although a radical mechanism cannot completely be excluded, the fact that no meta­

hydroxylated products could be detected in the phenol and anisole hydroxylation is strongly in favour 

of an heterolytic, electrophilic mechanism. Meta-cresol was formed in the toluene hydroxylation 

due to the weaker ortho/para-directing effect of the methyl group at the aromatic ring. In studies by 

Khouw et al. (1994) and Clerici and Ingallina (1993), the absence of typical by-products originating 

from a radical intermediates was repo11ed, thus also favouring a hetcrolytic mechanism. Further 

evidence for the absence of radical intermediates was given by Clerici (1991) and Bhaumik and Tat-
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sumi (1998), who studied the epoxidation of ally I chlorides and the epoxidation of linear alkenes 

in chlorinated solvents, respectively. No chlorinated isomers were found in the product spectrum, 

pointing again to the absence of major amounts of radicals under mild reaction conditions. 

5.3.2 Selectivity 

5.3.2.1 Reaction mechanism 

Whereas many propositions for a reaction mechanism in cpoxidations, alkanc oxidations and am­

moximations over TS- I and AJ-free Ti-beta exist in the literature, no detailed suggestions for a 

reaction mechanism in aromatic hydroxylations can be found. A reaction mechanism for the hydrox­

ylation of phenol consistent with the experimental observations in this work is therefore proposed. 

This reaction mechanisms is then also applied to the anisole and toluene hydroxylation. 

To explain the selectivities and the pronounced solvent effects observed in aromatic hydroxyla­

tions, the attention must be first focused on the active site. The formation of peroxo species with 

titanium (IV) is well known; a wide mnge of titanium compounds produce peroxo derivates on 

reaction with basic, neutral and acid solutions of hydrogen peroxide. The active site in titanium­

substituted silicates is also believed to be a titanium-peroxo species, formed by reaction of hydrogen 

peroxide with titanium incorporated in the silica environment. Clerici et al. ( 1992) were the first 

authors to succeed in the isolation of titanium peroxides in TS-I using a basic environment; the 

TS- I peroxides obtained were stable even after vacuum-drying of the catalyst. Only when Ti(IV) 

is isolated and in tetmhedral coordination, good catalytic performance was observed. UV-VIS dif­

fuse reflectance and ESR measurements reported by Geobaldo et al. ( l 992) and Prakash and Kevan 

(1998) as well as results from many other groups [ Astorino et al. ( 1995 ), Sheldon et al. ( 1998b ), 

Sheldon et al. ( 1998a), Deo et al. (1993 )] con finned that titanium is indeed in tetn1hedral coordi­

nation in freshly calcined, non-hydrated (and phase-pure) samples. However, with the application 

of very sensitive characterisation techniques, it had been shown that reversible hydrolysis at least 

one Ti-0-Si bond with the formation of Ti-OH and Si-OH groups takes place in TS-1. Geobaldo 

et al. ( 1992) reported line broadening and a red-shift of diffuse reflectance UV-VIS spectra of TS-1 

upon hydration, which was interpreted as a change in the coordination sphere of the titanium atom. 

de Castro-Martins et al. (1994) applied cyclic voltan1metry to characterise the environment of the 

titanium site in TS-1 and confirmed the hydrolysis of Ti-0-Si lattice bonds to titanol and silanol 

groups as well as a higher coordination of titanium in the presence of water. X-ray absorption tech­

niques proved to be a very efficient tool to characterise the coordination of titanium in TS-1. In 

an EXAFS study by Pei et al. ( 1993), it was again shown that well-manufactured, dehydrated TS- I 

samples contain titanium only in tetrahedral coordination. However, by applying a combination of 

EXAFS and XANES spectroscopy, a number of groups showed the expansion of the coordination 
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sphere of titanium in the presence of polar molecules. In a EXAFS-XANES study, Behrens et al. 

(1991) reported the reversible hydration of titanium in TS- I to a five-or six-coordinated species. 

Using the same technique, Bordiga ct al. (1994a) and Bolis et al. (1999) characterised the Ti(IV) 

coordination sphere in the presence of water and ammonia. Coordination numbers between five and 

six were reported upon adsorption of water or NH3 onto the sample. Lamberti et al. ( 1998) came to 

the same conclusion in a sim.ilar study comparing various spectroscopic techniques. Van der Waal et 

al. [van der Waal and van Bekkum (1997), van der Waal (1998)] and Astorino et al. (1995) reported 

the expansion of the titanium coordination sphere to six not only upon hydration but also upon ad­

sorption of alcohols onto TS- I using DR UV-VIS spectroscopy. An increase in Ti-O bond length 

upon adsorption of protic molecules has been reported in many studies [Astorino ct al. ( I 995), Bolis 

et al. (1999), Bordiga et al. (1994a)] . Prakash and Kevan (1998) reported the coordination of only 

one alcohol molecule. thus proposing a penta-coor<linate titanium centre. 

Summarising the above mentioned literature reports, two statements seem generally to be well 

founded. Firstly, it can be concluded that hydrolysis of Ti-O-Si bonds takes place upon reaction with 

water or hydrogen peroxide; this hydrolysis is reversible since the original state can be restored by 

heating or outgassing the sample. Secondly, polar molecules such as alcohols, water and ammonia 

coordinate to the titanium and expand its coordination sphere. The exact coordination number is 

however still under debate; values from 4.5 to 6 have been reported. Figure 5.5 shows possible 

configurations of the active site in TS- I without (species c) and with coordination of I or 2 protic 

solvent molecules (species b and a). For the development of a reaction mechanism, the different 

(a) (b) (c) 

Figure 5.5: Possible configurations of the hydroperoxo-titanium active site: (a) hcxa-coordinatc oc­
tahedral, (b) penta-coordinate trigonal bipyramidal, (c) tetracoordinate tetrahedral 

configurations of the active site have to be considered. Additionally, possible intermediates fonned in 

the hydroxylation of the aromatic ring and geometric constraints imposed by the zeolitc micropores 

have to be taken into account. 

Aromatic hydroxylations are most likely to follow an electrophilic substitution mechanism. It is 

therefore proposed that the terminal OH of the titanium hydropcroxo group is the clcctropbilc that 

attacks the aromatic ring (polarisation of the Ti-OOH group is indicated in Figure 5.5). To further 
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support this hypothesis, a phenol hydroxylation experiment with tert-butylhydroperoxide and Al-free 

Ti-beta was conducted. Even though TBHP may not penetrate the pores ofTS-1, there is ample space 

in the pores ofTi-beta to activate the Ti-sites, as is well known for epoxidation reactions [Blasco et al. 

(1998)]. However, no phenol hydroxylation occurs with Al-free Ti-beta when TBHP is the oxidant. 

This strongly suggests that the aromatic hydroxylation over titanium substituted molecular sieves 

follows a different reaction mechanism than epoxidation reactions. An electrophilic attack of the 

aromatic ring using species c in Figure 5.5 as the intermediate was suggested by Ramaswamy et al. 

[Ramaswamy and Sivasanker ( 1993), Ramaswamy et al. (1994)]. A mechanism involving a similar 

electrophil ic intermediate has been suggested by Reddy and Jacobs ( 1996) for the hydroxylation of 

amines. A 5-membered ring with hydrogen bonds between methanol and the peroxo group at the 

titanium site (species a and b in Figure 5.5) has been proposed in most publications as the active 

intermediate complex for TS- I catalyzed reactions in methanol [Clerici ( 1993), Clerici and lngallina 

(1993), Khouw et al. (1994), Martens et al. (1993), van der Pol and van Hooff(l993)]. 1n the 

presence of protic solvents, a reaction mechanism for the para-hydroxylation involving species b is 

therefore proposed and shown in Figure 5.6. The coordination of protic solvent molecules results 

~ ,,..-H 
Q 

SiO-,,Ttr-OH 
Sia' 

OH 

.. 

OH 

Figure 5.6: Proposed reaction mechanism for the fotmation of hydroquinone in phenol hydroxyla­
tion 

in an increase of the size of the active titaniwn site. Hydrogen bonds of the phenolic OH with 

solvent OH groups will make the phenol molecule more bulky. Phenol, hydrogen-bonded to solvent 

molecules, will approach the bulky titanium site with the OH group pointing away from the titanium 

site (see Figure 5.6), yielding hydroquioone. 

On the other hand, in non-protic solvents, phenol can take over the roJe of the protic solvent 

molecule. Although water is always present, its concentration in the hydrophobic TS-1 and Al-free 
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Ti-beta pores is expected to be low, as indicated by the extremely high adsorption constants for 

phenol in both TS-I and Al-free Ti-beta with water as a solvent (Table 4.29 and Table 4.30). Thus, 

the existence of titanium sites without protic molecules coordinated is proposed (species c in Figure 

5.5). ln that case another pathway is opened, i. e. the conversion via penta-coordinated (trigonal 

bipyramidal) Ti site, involving coordination of phenol to Ti pcroxo species yielding catcchol. The 

proposed mechanism for the formation of catechol involving phenol coordination to the titanium 

active site is shown in Figure 5.7. This will be the case in aprotic solvents, such as acetone. Protic 

t? 
O . ._ ~ .•.. H 

J o·· 
S·o I .r-/0 ""'-

1 ···TI.l: o' H 
SiCTI 

_____..., 

HO 

HO~ 
HO 

Figure 5. 7: Proposed reaction mechanism A for the fonnation of catechol via phenol coordination 

solvents such as methanol will compete with phenol, so that this pathway is not dominant in these 

solvents. 

Formation of catechol can also take place without coordination of phenol to Ti peroxo species; 

ortho-hydroxylation of phenol via a 6-mcmbered transition state involving phenol is shown in Figure 

5 .8, bearing in mind that the trajectory of attack of the electrophilic OH group is nearly orthogonal 

to the plane of the aromatic ring. As for the catechol formation mechanism proposed in Figure 5.7, 

this scenario is only likely in the absence of coordinated protic solvent molecules since hydrogen 

bonds of the latter with the titanium pcroxo group (species a and bin Figure 5.5) would destabilise 

H-bonding of the phenolic OH with the OOH group. 

5.3.2.2 Influence of the substrate 

The reaction pathways proposed for ortho- and para-hydroxylation of phenol can also be applied 

to the hydroxylation of anisole and toluene. Neither the anisole nor the toluene molecule possess 

an OH group, hence a scenario according to Figure 5.7, involving coordination of the aromatic 

molecule to the titanium site, is not possible for anisole and toluene. However, the formation of 
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?H 
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Figure 5.8: Proposed reaction mechanism B for the fonnation of catechol without phenol coordina­

tion 

para-hydroxylated isomers shown for phenol in Figure 5.6 is also possible in the anisole and toluene 

hydroxylation, as well as mechanism B for the fonnation of ortho-hydroxylated products (Figure 

5.8, without the proton transfer to the internal oxygen of the peroxo group). 

In the TS-1 catalyzed anisole hydroxylation, more para-isomer was formed than in the phe­

nol hydroxylation for all solvents. With one pathway less available for the ortho-bydroxylation, 

para-hydroxylation becomes more likely. This can be explained by the size and the polarity of the 

substih1cnt. ln the para-hydroxylation reaction mechanism (see in Figure 5.6), the substitucnt is 

pointing away from the active site due to the increased bulkiness of the titanium active site with co­

ordinated methanol molecules. This effect is expected to be more pronounced for anisole since the 

methoxy group is more bulky than the OH group; a slight steric hindrance for ortho-bydroxylation 

is also possible. The methyl group of the anisole molecule might also be repelled by the hydrophilic 

nature of the titanium hydroperoxo site. 

In the case of the toluene hydroxylation, more ortho-hydroxylation occun-ed than in the phenol 

hydroxylation in all solvents. This can also be explained by the nature of the substitucnt. The methyl 

group is generally much less o/p-directing than the hydroxy or the mcthoxy group (see Figure 5.4). 

Consequently, with two ortho-positions available for hydroxylation, more ortho isomer is expected. 

This argument is supported by the fact that between 15 and 20 % of meta-cresol was also formed 

in the toluene hydroxylation. Meta-cresol can fonn either by direct meta-attack on the aromatic 

ring or by initial attack at ortbo- or para-position followed by migration of the OH group as shown 

in the schemes 5.9 and 5.10. Figure 5.9 shows possible intermediates in the toluene hydroxylation 
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formed by the electrophilic attack of the terminal OH of the titanium hydroperoxo group, leading 

to ortho- and meta-·1ydroxylation. The attack of the electrophilic OH group at the ortho position 

-
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Figure 5.9: Possible scheme for the formation of ortho- and meta-cresol in the toluene hydroxyla­
tion 

leads to the resonance stabilised carbocations l - UI. In the intermediate Ill the carbocation can be 

trapped by the adjacent hydroxyl group to form the oxonium intermediate IV. This can subsequently 

open up to either yield back intermediate Ill or the other way to yield intermediate V, which can 

then aromatise by losing tbe proton (to the titanium site) to give meta-cresol. However, since the 

carbocation I has the lowest energy (being a tertiary carbocation), the extent of formation of IV 

and V is expected to be relatively small. When the elcctrophilic attack occurs in para position, a 

reaction scheme with a sin:lilar series of intermediates is obtained and is shown in Figure 5.10. The 

para-attack of the electrophilic hydroxyl group generates the resonance stabilised intermediates I 

- III, similar to the ortho attack. The intermediates I and HI are however identical and therefore 

could give rise to the same oxonium ions IV, which can then open up to yield intermediate V and 

subsequently meta-cresol. 

A sin:lilar scheme to the one shown in Figure 5. 9 and Figure 5. IO for the toluene hydroxylation 

can also be drawn for the hydroxylation of phenol and anisole. Figure 5.11 shows possible interme­

diates formed in the anisole hydroxylation. After the electrophilic attack at the anisole molecule, the 

intermediates I - Ill can be formed, similar to the toluene hydroxylation. However, in the anisole 

hydroxylation, the additional and very important resonance intermediate VH arises from donation 

of the oxygen electrons from the methoxy oxygen. The combination I - VU would therefore ren-
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Figure 5.10: Possible scheme for the formation of para- and meta-cresol in the toluene hydroxyla­
tion 

I II 

VD 

Figure 5.11: Possible intermediates in the anisole hydroxylation 

der the probability for the other intermediates less significant. As a consequence, the formation of 

meta-anisole, which could occur from intermediate Ill, becomes inhibited. The same argumentation 

applies for the phenol hydroxylation, explaining the absence of the meta-isomer resorcinol (which 

was only detected in trace amounts) in the product mixture. 

The selectivities based on the reactants foUow a similar trend as the activities. Peroxide efficien­

cies and selectivities based on aromatic substrate decreased in the order phenol > anisole > toluene. 

As the reaction rate for hydroxylation decreases, side reactions such as peroxide decomposition and 

polymerisation of aromatic molecules (substrate and products), become relatively more important. 
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Particularly for the toluene hydroxylation, reaction conditions different from the 'standard' reaction 

conditions had to be chosen in this work to improve the selectivities and peroxide efficiencies. Some 

studies in the literature report higher selectivities based on both H2O2 and aromatic substrate due to 

the higher reaction temperatures and lower conversions. Since TS-I is not a very efficient catalyst 

for peroxide decomposition under reaction conditions, an increase in temperature favours the desired 

hydroxylation reaction . 

5.3.2.3 lnfluence of the solvent 

The reaction mechanisms presented above can be used to explain the solvent effects observed in the 

aromatic hydroxylation reactions. However, the special environment of the zeolite micropores has 

to be taken into account to interpret the selectivities obtained in different solvents. Furthermore, 

the influence of the external surface also has to be considered. The solvent effects observed in the 

phenol, anisole and toluene hydroxylation are first discussed for TS- I; shape selectivity effect-, and 

a comparison to the results obtained for Al-free Ti-beta and the influence of the external surface are 

discussed in the following paragraphs. 

1n the TS- l catalyzed phenol hydroxylation, an overall p/o-ratio of 2 .14, 1.29 and 0.84 was ob­

tained in methanol, water and acetone, respectively (see Table 4.6). These values are in line with 

most liternture reports (see Table 2.3). Protic solvents such as water and methanol favoured the 

formation of hydroquinone, whereas more catechol was fom1ed in aprotic solvents such as acetone. 

This can qualitatively be explained by the reaction mechanisms presented above. In aprotic solvents, 

a reaction path for ortho-hydroxylation through coordination of phenol is opened (see Figure 5.7) 

or, alternatively, hydrogen-bonding of the phenolic OH with the hydroperoxo group of the titanium 

site creates a configuration where the ortho-position is closer to the electropbile attacking the aro­

matic ring (see Figure 5.8). When protic solvents are present, they coordinate to the titanium site 

and significantly inc~ease its size. This could sigruficantly na1Tow the TS- l channels, leading to a 

geometric constraint for an approaching phenol molecule. With the OH group pointing away from 

the active centre (which could be enhanced if it is hydrogen-bonded to protic solvent molecules), 

pam-hydroxylation occurs (see Figure 5.6). This scenario corresponds to a transition-state shape 

selectivity induced by protic solvents in TS-1 . 

Different results were obtained for the anisole hydroxylation over TS- I. Para-hydroxy-anisole 

was always preferentially formed and the selectivities die.I not depend as strongly on the solvent as 

was observed for the phenol hydroxylation . In acetone and methanol, the overall p/o-ratios were 2.08 

and 2.75, respectively (see Table 4 .15), which compares well to most literature data shown in Table 

2.4 . This can be explained by the fact that the methoxy group is more bulky than the OH group. The 

size of the substitucnt could hinder ortho-hydroxylation significantly by favouring an orientation 

121 



CHAPTER 5. DISCUSSION 

with the methoxy group pointing away from the titanium site, thus favouring para-hydroxylation in 

all solvents. A slightly enhanced para-formation in protic solvents was however observed and can be 

explained by the same mechanism as for the fom1ation ofbydroquinone in the phenol hydroxylation. 

In the toluene hydroxylation, trends similar to the phenol hydroxylation were obtained. Protic 

solvents strongly enhanced the formation of para-cresol. However, the product preferentially formed 

with TS-1 was always ortho-cresol. In acetone and methanol, the overall p/o-ratio was 0.47 and 0.85, 

respectively. Additionally, 17 and 16 % of meta-cresol were detected in the reaction mixture with 

acetone and methanol, respectively. The selectivity enhancement towards para-hydroxylated isomer 

observed in protic solvents can be explained with the same mechanism as shown for the phenol 

hydroxylation in protic solvents (see Figure 5.6). However. ortho-hydroxylation was generally pre­

ferred over para-hydroxylation, which can be attributed to the weaker o/p-directing effect of the 

methyl group (see ·Figure 5.4). With two positions available for ortho-hydroxylation, the product 

distribution is shifted towards the statistical value. The appearance of meta-cresol in the product 

mixture, which was hardly influenced by the solvent, confirms weaker directing cff ect of the methyl 

group. 

For all hydroxylation reactions investigated, the peroxide efficiency (i.e. the selectivity based on 

H20 2) was higher in acetone than in methanol. This can also be explained by the lower amount of 

free peroxide with acetone as the solvent as discussed in section 5.3.1.1. The influence of the H20 2 

concentration was shown in section 4.2.5.1: lower H20 2 concentrations improved the peroxide effi­

ciency. Since acetone lowers the free pcrox..ide concentration in a series of reversible reactions (see 

Figure 5. l), a higher selectivity compared to methanol is expected. Furthermore, the acetone-H 20 2 

complexes are relatively stable under reaction conditions [Sauer and Edwards (1971 )] and perox..ide 

loss through decomposition of the latter is not too severe. With methanol hO\vever, loss of hydrogen 

peroxide occurs through oxidation of methanol, although this reaction proceeds at a relatively low 

reaction mte [Deo et al. (1993), Maspero and Romano (1994)]. In the phenol hydroxylation, the 

highest peroxide efficiencies were obtained with water as the solvent. This can be explained by the 

fact that there are no interactions of H20 2 with water that could lead to side reactions and to peroxide 

loss. 

5.3.2.4 The role of the pore geometry - shape selectivity effects 

The comparison of the product selectivities obtained with the medium-pore titanium silicalite TS-1 

and the large pore Al-free Ti-beta can be used to answer the question whether shape selectivity plays 

a role in the aromatic hydroxylation reactions studied in this work. If the pore geometry imposes 

a geometric constraint on the reaction, then different product distributions should be obtained with 

both catalysts. However, since very small crystallites were used in the TS-1 reactions, the influence 
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of the external surface also has to be taken into account. 

When TS-1 and Al-free Ti-beta crystals with a similar ditfosional path length were compared 

for a phenol hydroxylation in water, p/o-ratios of 1.31 and 0.45 were obtained for TS-1 and Al-free 

Ti-beta, respectively (see Table 4.10). This strongly suggests that the pore geometry controls the 

product distribution. The preferential formation of hydroquinone in TS-1 and catecbol in Al-free 

Ti-beta is a proof for the existence of shape selectivity in the pores of the TS-1 . 

In the medium-size TS- I pores, the coordination of methanol ( or other protic solvent molecules) 

increases the size of the titanium active site and significantly restricts the space available for reaction. 

Consequently, more para-isomer is obtained. Figure 5.12 shows a TS-I pore including a titanium 

hydroperoxo site with coordinated methanol and a phenol molecule in a configuration for para­

hydroxylation according to the proposed mechanism in Figure 5.6. 

The structures shown in Figure 5.12 - 5.14, taken from the database of the International Zeolite 

Association (2001), are simplified for the sake of clarity. The framework is displayed as sticks 

and the molecules arc displayed as 'ball-and-stick'-modcls; when displayed with their re~'J)ectivc 

van-der-Waals radii it becomes even more apparent that there is indeed a geometric constraint for a 

phenol molecule when solvent molecules are coordinated to the titanium site. Figure 5.13 shows a 

TS-1 pore including a titanium hydroperoxo site with no solvent molecule coordinated and a phenol 

molecule in a configuration for ortho-hydroxylation according to the mechanism proposed in Figure 

5.7). Without coordinated protic solvent molecule at the titanium active site, there is clearly more 

space available for the phenol molecule and the phenolic OH can hydrogen-bond to the active site. 

In this configuration, the ortho-position of the phenol molecule is closer to the Ti-OOH group and 

catechol is preferentially formed. 

From both Figure 5.12 and Figure 5.13 it can be seen that the phenol molecule has to adopt a 

'flat' configuration when in the narrow TS-1 channels; it seems unlikely that there is enough space 

for the molecule to be in an orientation with the OH group perpendicular to the channel direction. 

In the large-size pores of Al-free Ti-beta however, this orientation is possible. Figure 5.14 shows an 

Al-free Ti-beta pore including a titaniwn hydroperoxo site with coordinated methanol and a phenol 

molecule (perpendicular to the channel direction). In the phenol hydroxylation catalyzed by Al­

free Ti-beta, catechol was always the prefe1Ted product, indicating the absence of shape selectivity 

effects in this catalyst and confirming the ex.istence of shape selectivity in TS- I. This is further 

supported by the fact that the solvent only had a minor influence on the product selectivity in Al-free 

Ti-beta. With methanol, water and acetone as the solvents the p/o-ratios obtained were 0.56, 0.42, 

and 0.38, respectively. The weakly para-enhancing effect of protic solvents in Al-free Ti-beta and the 

excess of hydroquinone obtained in TS-1 with protic solvents are in line with a transition-state shape 

selectivity that can be amplified by the presence of protic solvent molecules in the zeolite channels. 

Figure 5 .12 and 5.13 demonstrate the space restrictions for a phenol molecule in the nan-ow TS-1 
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(11) (grey: zcolitc framework; bro\\11: carbon; red: oxygen: white: hydrogen; blue: tita­
nium) 

Figure 5.12: TS- I pore with methanol coordinated to titanium peroxo group and adsorbed phenol 
molecule 

channels and show that methanol coordinated to the titanium active site will render these constraints 

more severe. In the large pores of Al-free Ti-beta however, there is ample space for the phenol 

molecule even in the presence of a more bulky titanium centre with coordinated methanol as shown 

in Figure 5.14. 

The product distributions obtained with protic and aprotic solvents and with the medium-pore 

TS-1 and the large-pore Al-free Ti-beta consistently support the hypothesis of shape selectivity en­

hanced by protic solvenLc; in TS-1. Higher p/o-ratios were obtained in the TS-I catalyzed anisole 

hydroxylation as compared to the phenol hydroxylation; para-hydroxyanisole was always prefer­

entially fo1med . In acetone and methanol, the product p/o-ratios were 2.08 and 2.75, respectively. 

Thus, the change from aprotic to protic solvent did not result in the inverse of selectivity that was ob-
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(a) (grey: zeolite framework: hrown: carbon; reel: oxygen; white: hydrogen; blue: tita­
nium) 

Figure 5.13: TS-1 pore with titanium peroxo group and adsorbed phenol molecule 

served for the phenol hydroxylation. Although para-formation was enhanced in methanol, this effect 

was much weaker in the anisole hydroxylation. These results are in line with the reaction mecha­

nism and the shape selectivity effect proposed for the phenol hydroxylation; a more bulky substitucnt 

such as the mcthoxy group of anisole would further favour para-hydroxylation, explaining the ex­

cess of para-hydroxyanisole. The bulkiness of the substituent could therefore 'overshadow' the 

pam-directing effect of the protic solvent by directing the hydroxylation towards the para-position 

itself. However, the extremely high para-hydroxyanisole selectivities obtained with Al-free Ti-beta 

seem to contradict the previous argumentation. The p/o-ratios obtained in Al-free Ti-beta were 6.61 

and I 0.87 with acetone and methanol, respectively. As for the phenol hydroxylation, the less restrict­

ing environment of Al-free Ti-beta pores was expected to result in more ortho-hydroxyanisolc being 
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(a) (grey: zeolitc framework; brown: carbon; red: oxygen: white: hydrogen; blue: tita­
nium) 

Figure 5.14: Al-free Ti-beta pore with methanol coordinated to titanium peroxo group and adsorbed 
phenol molecule 

formed. A possible explanation for the exceptionally high para-selectivity in the anisole hydroxy­

lation over Al-free Ti-beta is the ability of the organic molecule to adopt a different configuration 

in the larger pores of this catalyst. Figure 5.14 demonstrates that an aromatic molecules is able 

to rotate into a position where it is perpendicular to the channel direction, the substitucnt pointing 

away from the titanium site and towards the zcolitc wall . This configuration is not possible in TS-I. 

An aromatic molecule having a relatively apolar substituent would preferably adopt a configuration 

with the substituent pointing away from the hydrophilic titanium centre. However, it has to be noted 

that the aromatic ring and the hydroperoxo group cannot be in the same plane for reaction since the 

electrophilic attack has to occur nearly orthogonally to the aromatic plane. Adsorption measure­

ments presented in Table 4 .30 demonstrate the hydrophobicity of the framework; Henry's constants 
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decrease with increasing polarity of the molecule. Thus, the walJs of Al-free Ti-beta, as expected for 

a highly siliceous solid, prefer hydrophobic molecules. Apolar substituents on aromatic rings (such 

as a methoxy group) would therefore be repelled by the hydrophilic titanium peroxo site and point 

towards the zeolite wall. In this configuration, the para position of the molecule is closer to the tita­

nium active centre and para-hydroxylation preferentially occurs. The presence of hydrogen-bonded 

or coordinated methanol molecules at the Ti-OOH site might further favour this orientation, explain­

ing higher para-selectivity in methanol. The hypothesis of a different orientation of the aromatic 

molecule in Al-free Ti-beta is also consistent with the high ortho-sclcctivities for the hydroxylation 

of phenol over Al-free Ti-beta. The highly polar phenolic OH would be expected to point towards 

the hydrophilic titanium centre, favouring the ortho-position for the electrophilic attack. 

ln the toluene hydroxylation over TS-1, 01tho-cresol was always the preferentially formed prod­

uct. In acetone and methanol as the solvents, the p/o-ratios obtained were 0.47 and 0.62, respectively 

(see Table 4.19). Additionally, meta-cresol was also formed; the amount of meta-cresol was how­

ever hardly dependent on the solvent. In acetone and methanol, 16% and J 7% of meta-cresol were 

detected in the cresol fraction, respectively. Mechanisms leading to the fom1ation of meta-cresol 

were shown in Figure 5.9 and Figure 5. 10. Although an excess of ortho-cresol was ahvays obtained, 

protic solvents enhanced the formation of para-cresol significantly. This follows a trend similar to 

the phenol hydroxylation, suggesting again a shape selective reaction in TS-1 which is amplified 

by protic solvents. A comparison of the isomer distribution obtained with TS-1 and Al-free Ti-beta 

sbows a trend similar to the anisole hydroxylation. ln Al-free Ti-beta, more para-crcsol was fom1ed 

than in TS-I. In acetone and methanol, the p/o-ratios obtained with Al-free Ti-beta were 1.76 and 

2.96, respectively. As opposed to TS- I, the solvent also influenced the formation of meta-cresol in 

Al-free Ti-beta. In acetone and methanol, 13% and 20% of meta-cresol was detected in the cresol 

fraction, respectively. As for the anisole hydroxylation, these observations can also be explained by 

a different orientation of the toluene molecule in Al-free Ti-beta due to the absence of geometric 

constraints. 

5.3.3 The role of the external surface 

The fact that only 82% of the total surface area of the small TS- I crystals used in this work ( dc,rystal 

= 0.1 pm) is located at the internal surface, whereas both large Al-free Ti-beta (dcrystal = 2 - 5 µm) 

and large TS-1 crystals ( dcrystal = 3 x l O x45 µm) have 98.5% of their active sites located internally 

is an indication of the potential importance of the external surface with nano-size TS-1 crystals. 

Diffusional limitations in the phenol hydroxylation with TS-1 have clearly been shown in literature 

reports [van der Pol et al. (1993)] and were confirmed in this work; large TS-I crystals showed 

a much lower acti\.ity than the small crystals. The latter were therefore used for the reaction and 
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kinetic studies to avoid mass transfer limitations, raising the question of the influence of the external 

surface on both activity and selectivity. Tuel and Ben Taarit ( 1993) used a non-calcined TS- I sample 

for a study of the phenol hydroxylation . With the template blocking the access to the zeolite pores, 

the activity was assigned exclusively to the external surface. However, these results could not be 

reproduced here. Experimental results were found to be dependent on the treatment of the sample 

after synthesis. The cycle-wise CVD of TEOS technique allows for selective deactivation of the 

external surface through silanisation of the small TS-1 crysta!Jites without sibrni.ficantly narrowing 

the entrances of the microporcs. Using parent and silanised TS-I crystals for kinetic studies then 

enables decoupling of internal and external activity and selectivity. 

5.3.3.1 Characterisation of TS-1 modified by CVD of TEOS 

To evaluate changes upon silanisation, silanised small TS-I crystallites after 20 cycles of TEOS 

deposition were characterised using physico-chemical methods. 

No change was detected in crystallin.ity (XRD), surface area and micropore volume (BET) and 

titanium incorporation (DR UV-VIS). SEM pictures showed no separate amorphous phase and no 

change in agglomeration of the crystallites. Evidence for the deposition of silica at the external 

surface of the crystallites is the increase of the average Siffi-ratio of the external rim of the crystals 

as determined by EDX. 

In a thermogravimetric study of the first CVD deposition cycle under typical silanisation con­

ditions, it was shown that significant amounts of TEOS adsorbed onto the external surface of the 

catalyst. The remaining TEOS on the external surface after flushing with inert carrier corresponded 

to :::::: 40 % of the amount calculated for a full monolayer. This demonstrates the necessity for the 

repetition of the CVD cycles to achieve full smface inertisation. The mass increase after calcination 

in air was small but detectable(~ 0.4 wt.%). Although the the them1ogravimetric study was only 

conducted for one silanisation cycle it indicates the deposition of SiO2 at the external surface of 

small TS-1 crystallites. 

In an extensive gas-phase pulse adsorption study, pore-mouth narrowing of -blockage was char­

acterised by injection of various tracer hydrocarbons into columns of parent and silanised TS- l. 

Conclusions were based on the first and second momenlc:; of the peak responses dcte1mined at differ­

ent temperatures. Good correlations in van 't Hoff plots showed the suitability of the experimental 

setup. A drastic decrease in the Henry's constant upon silanisation would indicate the (partial) ex­

clusion of the hydrocarbon from the pore S)'Stem caused by the silanisation procedure. However, the 

Henry's constants and adsorption activation energjes, based on the peak first moments, showed no 

consistent change upon silanisation and can only be interpreted as scatter originating from the error 

of the method. The peak second moment is an indication for the presence of diffusional resistances. 
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Both pore mouth narrowing and -blockage would result in additional mass transfer resistances and 

increase the peak second moment. However, as also observed for the adsorption constants, no trend 

in the peak second moment was found upon progressive silanisation. For all tracer hydrocarbons 

injected, the changes in the second moment of the pulse responses were not consistent with an 

increase in mass transfer resistance. No trend with increasing external surface inertisation was ob­

served. Based on the results of the pulse gas-phase adsorption study, it can be concluded that the pore 

entrances of the small TS-1 crystallites were not significantly affected by the silanisation procedure 

even after 20 cycles of CVD of TEOS. 

The cycle-wise CVD of TEOS technique was applied with the aim of completely deactivating 

the external surface of TS- I. Roger et al. (1998) and Weber (J 998) used the cracking of l ,3,5-

triisopropylbenzene (which cannot enter the pores of H-ZSM-5) to probe the external surface activity 

of H-ZSM-5 . Upon cycle-wise CVD of TEOS treatment, H-ZSM-5 completely lost its activity for 

the 1,3,5-triisopropylbcnzene cracking reaction, which was taken as proof for complete external 

surface deactivation. In the course of this work an attempt was made to find a suitable test reaction for 

the external surface activity of TS-1. It was shown that 1-naphthol is not able to penetrate the pores 

of TS-1 under reaction conditions. Some activity for the 1-naphthol hydroxylation was expected due 

to the relatively high external surface area of the small TS- I crystals. However, no hydroxylated 

products were detected. The only reaction observed was a very low conversion of 1-naphthol to tars, 

which probably caused a rapid deactivation of the external surface. Furthermore, the epoxidation of 

trans-diphenyl-ethylcne (trans-stilbene), which is also not expected to enter the pores ofTS-1, was 

also tested as a potential reaction to probe the external surface activity. TS-1 was completely inactive 

for this reaction since no conversion of trans-stilbene could be detected. This observation confirms 

result" reported by van der Waal et al. ( 19986 ), who investigated the cpoxidation of bulky alkenes 

over TS-1 and Al-free Ti-beta. Despite the use of small crystals (having a significant external surface 

area), TS- I was completely inactive for the epoxidation of norbornene, a bulky cyclic alkcne with 

too large a kinetic diameter to enter the TS-I pores [van der Waal et al. (1998b)]. It is not clear 

whether a deactivation phenomenon or other factors are responsible for the inactivity of TS-1 for a 

reaction with very bulky molecules at the external surface. A suitable test reaction to exclusively 

probe TS- I external surface activity could not be established. 

5.3.3.2 Activity of internal and external surface 

The role of the external surface was found to be significant and dependent on the solvent for all 

hydroxylation reactions. The observed rate constants for sites at the external surface were consis­

tently about an order of magnitude larger than those at the internal surface. Principally, diffusional 

constraints could also account for the difference between the observed rate constants for sites at 
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the external surface and those in the intracrystalline voids. The small TS-1 crystal used for the ki­

netic experiments were ca. 0. l µm. Based on the diffusion measurements in this work or literature 

values [ van der Pol ct aJ. ( 1993 )], the effectiveness factor for the small crystallites should be close 

to l . Thus, it can be assumed that no mass transfer limitations were present in the hydroxylation 

experiments with the small TS- I crystals. 

Phenol hydroxylation In the TS- I catalyzed phenol hydroxylation with water as the solvent, the 

consumption of phenol mainly takes place on the external surface. The contribution of the internal 

surface to the overall rate of phenol consumption amounts to only 31 %. The small contribution of 

the internal surface to the rate of consumption of phenol can be explained by the strong adsorption 

of phenol in TS-1 using water as a solvent. Due to competitive adsorption, the hydrogen peroxide 

concentration near the active sites inside the pore system of TS-1 (internal surface) will be very low. 

This will result in a low observed rate for the consumption of phenol in the pores. With methanol 

and acetone as a solvent the internal surface contributed to the overall rate of consumption of phenol 

to 54 and 36 %, respectively. The difference between methanol and acetone can be explained by the 

formation of acetone peroxides and hydroperoxides (see Figure 5.1 ), which are too bulky to react 

with titanium sites in the pores. The concentration of free hydrogen peroxide in the liquid phase and 

consequently in the pores of TS- I is significantly lowered through equilibrium reactions of acetone 

and H20 2; the 'release' of hydrogen peroxide from these compounds will take place in the bulk 

solution and thus favour reaction at the external sutface sites. Thus, in acetone the internal surface 

contributes less to the overall reaction compared to the reaction done in methanol. This is supported 

by the slower decomposition of H20 2 during phenol hydroxylation. On the basis of the rate constants 

obtained for hydrogen peroxide decomposition on silanised and non-silanised TS- I, the contribution 

of the external surface to the rate of non-selective hydrogen peroxide decomposition amounts to 

53, 63, and 72 % for water, methanol, and acetone, respectively. As a consequence of lower H20 2 

concentrations in the pores with water and acetone as solvents, the decomposition rates were higher 

at the external surface with these solvents. Decoupling internal and external surface activity clearly 

demonstrates that the majority of the tar formation was also taking place at the external surface of 

the zeotite. With water, methanol, and acetone as the solvents, the external surface contributed to 96, 

80, and 72 %, respectively to the overall fonnation of tars. As 'tars' are generally high molecular 

weight and hence bulky compounds, their formation inside the microchannels is less likely. However, 

the rate constant-, for tar formation at the internal surf ace were not zero and the thermogravimetric 

analysis of the recovered catalyst after reaction revealed the deposition of tars also on the silanised 

zcolite. This indicates a formation of tars or bulky tar precursors either in the micropores or at the 

pore mouth. 
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Anisole hydroxylation In tbe anisole hydroxylation, the external surface of TS-I played an 

equally important role. In methanol and acetone, the contribution of the externaJ surface to the total 

anisole consumption was 84 and 56 %, respectively. The particularly high value with methanol as a 

solvent can be explained by the high K value of anisolc in methanol. High concentrations of anisole 

cause a lower concentration of the second reactant H2O2 in the pores, thus a lower contribution of 

the internal surface is observed in methanol as compared to acetone. For the non-selective H202 

decomposition during anisole hydroxylation, the external surface activity in methanol and acetone 

amounts to 56 and 57 % of the overall decomposition rate, respectively. The same explanation as 

for the phenol hydroxylation also applies for the anisole hydroxylation; higher H 202 concentration 

in the bulk solution than in the pores renders the external sites more active than the internal surface 

sites also for the decomposition reaction. As observed for the phenol hydroxylation, the tar for­

mation mainly occurs at the external surface of the zeolite. In methanol and acetone, the external 

surface sites contributed to 85 and 82 % to the total formation of tars, respectively. 

Toluene hydroxylation The role of the external surface is similarly important in the toluene hy­

droxylation. ln methanol and acetone, the contribution of the extcmal surface to the total consump­

tion of toluene amounts to 63 and 59 %, respectively. The same arguments apply as for the phenol 

and anisole hydroxylation . A slightly less pronounced influence of the external surface was found 

for tbe non-selective H2O2 decomposition and the tar formation in the toluene hydroxylation. The 

external surf ace activity in methanol and acetone amounts to 51 and 46 % of the overall decomposi­

tion rate, respectively. For the tar formation, the external surface sites contributed to 71 and 64 % of 

the total rate of formation in methanol and acetone, respectively. 

5.3.3.3 Product selectivity 

While the importance of the external surface in terms of the activity of the catalyst was highlighted 

in the previous section, the most interesting implication of decoupling internal and external activity 

is the comparison of the product distribution. By comparing the rates of formation of the different 

isomers, shape selectivity effects generated by the pores of the catalyst can be identified. 

Phenol hydroxylation The comparison of the phenol hydroxylation over small and large crystals 

of TS-1 gives a first indication of a possible shape selective reaction in the TS-I pores. The p/o­

product ratio over large TS-1 crystals was larger than over small TS- I c1ystaJs when compared 

at the final phenol conversion. The fact that more of the para-isomer is obtained when a higher 

fraction of the active sites is located inside the pores suggest-. a shape selective reaction in the pores. 

However, the product distributions had to be compared at relatively low conversions due to the low 

activity of large TS-1 crystals in the phenol hydroxylation. 111e reaction times to reach comparable 
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conversion levels were very different ( ~ 4 h for small TS- l crystals and ~ 24 h for large crystals) and 

the influence of side reactions such as subsequent polymerisation of reaction products is difficult to 

estimate. The comparison of the rate constant,; obtained with parent and silanised small TS-1 crystals 

is therefore more conclusive. 

The contribution of the external surface to the rate of formation of the ortho-isomer catechol is 

significant. The contribution of the external surface to the total rate of catechol formation was 64, 

47, and 68 % for water, methanol and acetone as a solvent, respectively. Thus, with the exception 

of the reaction in methanol, the majority of catechol was fo1med on the external surface. For the 

formation of hydroquinone, the contribution of the external surface sites to the formation of hydro­

quinone is dependent on the solvent nature. With water and acetone, 59 and 54 % of the total rate of 

bydroquinone formation can be assigned to the external surface, respectively; in methanol, the con­

tribution of the external surface was only 27 %. This lower contribution of the external surface for 

catechol formation and the higher contribution of the external surface for hydroqui none formation 

confinns that a shape selective reaction takes place in the pores of TS- I particularly with methanol 

as a solvent. This becomes even more apparent when looking at the ratio of the activity of the in­

ternal and external surface sites for the formation of catechol and hydroquinone (see Table 4.13). 

1n all solvents, this p/o-ratio was higher for the internal surface sites. Whereas the difference was 

not very pronounced for water, a clear para-directing effect was obtained in acetone and methanol. 

the latter being the most selective solvent. On the external surface, a particular solvent efiect was 

observed. In the protic solvents water and methanol, hydroquinone formation was preferred over 

catechol formation. ln acetone, as an aprotic solvent, catechol was preferentially formed . 

Anisole hydroxylation The trends obtained in the anisolc hydroxylation were similar to those in 

the phenol hydroxylation. However, the reaction in methanol exhibited an exceptionally high activity 

of the external surface for the formation of both para-hydroxyanisole and ortho-hydroxyanisole. The 

external surface contributed to 85 and 82 % of the total rate of formation of ortho-hydroxyanisole 

and para-hydroxyanisole, respectively. This highlights again that the reaction in methanol is largely 

taking place at the external surface, a resuJts of either low concentrations of H20 2 or a severely 

geometrically constrained reaction in the pores. In acetone, the contribution of the external surface 

to the total rnte of ortho-hydroxyanisole and para-hydroxyanisole formation was 58 and 46 %, re­

spectively. Thus, the reaction is taking place to a larger extent inside the pores. The p/o-ratios based 

on the rate of formation of ortho- and para-isomer for the internal and external surface reveal that 

an excess of para-hydroxyanisole was always obtained, even at the external surface. As observed in 

the phenol hydroxylation, the p/o-ratio was always higher at the internal sites, although the differ­

ences arc not as large. In methanol, the p/o-ratio (based on the rate constants) was 2.67 and 2.26 

for internal and external sites, respectively. The para-directing shape selective effect of the pores 
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was more pronounced in acetone, for which the internal and external p/o-ratios were 2.37 and 1.51, 

respectively. 

Toluene hydroxylation The results for the toluene hydroxylation are somewhat more difficult to 

interpret due to the formation of the meta-isomer, but the trends are in line with the results obtained 

for the phenol and anisole hydroxylation. Internal and external surface roughly contribute equal 

amounts to the formation of all isomers in both methanol and acetone, the influence of the external 

surface being slightly higher in methanol. Surprisingly. the formation of meta-cresol was hardly 

influenced by the solvent or the pore stmcture. Only a slight increase in the p/m-product ratio from 

2.24 to 2.42 in methanol and from 1.69 to 1.81 in acetone was observed when comparing external 

and internal surface. respectively. This might be explained on mechanistic grounds as shown in Fig­

ure 5.9 and Figure 5.10. However, the p/o-ratios at the internal and external surface confinn again 

that the TS-1 pores impose a geometric constraint oo the hydroxylation reaction. More para-cresol 

was formed inside the pores for both methanol and acetone. Ortho-cresol was aJways preferentially 

formed in acetone; the distribution of the cresol isomers at the external surface is close to the sta­

tistical value. 1n methanol, the para-enhancing effect of the pores was most pronounced; an excess 

of ortho-cresol was obtained at the external surface, whereas para-cresol was preferentially formed 

inside the pores. 

5.3.3.4 External surface effects common for all substrates 

Although each reac1lon shows a different, solvent dependent product distribution, some common 

resultc; for all hydroxylation reactions can be summarised. 

The influence of the external surface was significant in all cases. The generally higher activity 

of the external surface can be assigned to a relatively low concentration of hydrogen peroxide in the 

pores; the hydrophobic framework of TS-I results in a low affinity towards polar molecules such as 

water and H202. The external sites are however exposed to the concentrations in the bulk solution, 

which translates into a higher activity. 

The presence of .;hape selectivity in the TS- I pores was proven for aJl reactions . The reaction 

inside the pores cons;stently produces more of the para-hydroxylated isomer than the external surface 

reaction for all solvents and all substrates tested. No shape selectivity is expected at the external 

surface since there are no geometric constraints for the reaction, thus more ortho-hydroxylation 

occurs. In the TS- I pores, an increase in the amount of the para-product formed was observed in 

the presence of pro tic solvents. Thus, the shape selective effect in the pores of TS-1 is enhanced by 

protic solvenLc;, which coordinate to the titanium sites, rendering them more bulky and hence further 

constraining the space available for reaction. 
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CHAPTER 5. DISCUSSION 

Non-selective reactions such as peroxide decomposition and formation of tars mainly take place 

at the external surface in all hydroxylation reactions. The exposure of sites located at the external 

surface to much higher peroxide concentrations than present inside the pores ( due to the hydropho­

bicity of TS-1) could lead to a different type of titanium site with more than one hydroperoxo group. 

The formation of two hydroperoxo groups at the same titanium atom has been postulated by van 

Laar et al. (1999). Alternatively, H2O2 molecules could compete for coordination at the titanium 

peroxo site as shown in Figure 5.15. These rather unstable complexes could liberate singlet oxygen 

+ 

H..._ ,...-H 
0 

R_,_ ,...-H 
0 

Figure 5.15: Proposed titanium sites on the external surface ofTS-1 

[ van Laar (200 I), van Laar et al. ( 1999)] that is quenched to its triplet state, decreasing the oxidant 

selectivity and leading to overoxidation and subsequent coke formation. These particular sites are 

poisoned with the tars as the reaction progresses, explaining the observed shift in selectivity towards 

the isomer with a lower rate of polymerisation in water and methanol. Since acetone is a good sol­

vent for tars, the poisoning of these sites is partly prevented and the shift in selectivity is much less 

pronounced. 

5.4 Application of Al-free Ti-beta and Ti-HMS for the hydroxy­

lation of substituted naphthalenes 

The hydroxylation of substituted naphthalenes is an interesting application for Al-free Ti-beta since 

these compounds are not expected to be able to enter the pores of TS-1. This was confirmed by 

the very low activity of TS-1 for both the hydroxylation of 1-napbthol and of 2-methyl-naphtbalene. 

The naphthalenes only reacted slowly and non-selectively at the external surface of TS-1, which was 
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5.4. Application of Al-free Ti-beta and Ti-HMS for the hydro.xylation ofsubslitutcd naphthalenes 

deactivated by tar formation. 

Similar to the results obtained in the hydroxylation of benzenes, the main reaction over the 

mesoporous Ti-HMS was also tar formation and decomposition of H2O2 , a result of the framework 

hydrophilicity of these materials. 

The hydroxylation of 1-naphthol over Al-free Ti-beta mainly yielded the desired product 1,4-

naphthoquinone with a 60 % selectivity and 81 % peroxide efficiency. A good selectivity (88 % ) 

and peroxide efficiency (59 %) was also obtained for the hydroxylation of 2-methyl-naphthalene, 

although the conversion of the naphthalene was relatively low (2.4 %). These results highlight that 

substituted naphthalenes can efficiently be oxidised to their respective naphthoquinones over Al-free 

Ti-beta. Ho\vcver, to achieve higher conversions and better selectivities, the reaction conditions have 

to be optimised. 
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Chapter 6 

Concluding remarks 

The hydroxylation of phenol, anisole and toluene over TS-1, Al-free Ti-beta and Ti-HMS was inves­

tigated with the aim of understanding the key parameters influencing activity and product selectivity 

in aromatic hydroxylations over titanium-containing molecular sieves . An overall second-order ki­

netic model to fit the reaction data of all hydroxylation reactions was developed and good model fits 

were achieved in all cases. For TS- I and Al-free Ti-beta, only a minor deactivation was observed, 

which was taken into account by weighting the initial reaction data. In the case of Ti-HMS however, 

a major deactivation through tar formation was observed. Since the side reactions were dominant 

in the Ti-HMS catalyzed phenol hydroxylation, the reaction data were not suitable for a comparison 

to TS-I and Al-free Ti-beta. An additional problem with all batches of mcsoporous titanosilicates 

synthesised in this work was significant leaching of titanium from the framework. 

The cycle-wise CVD of TEOS technique was successfully applied to silanise the external surface 

of nano-size. ( derystal = 0.1 µm) TS- I crystals. Pbysico-chemical techniques confirmed the deposi­

tion of SiO2 at the external surface of the crystallites. A suitable test reaction to selectively probe 

the external surface activity of TS-1 could not be found. However, a kinetic study of the phenol hy­

droxylation using parent and progressively silanised small TS-1 crystals showed that the inertisation 

of the external surface is complete after 20 cycles of CVD of TEOS. A gas-phase pulse chromato­

graphic adsorption study demonstrated that no additional mass transfer resistances are present after 

20 cycles of silanisation. Applying the cycle-wise CVD of TEOS technique under the mild con­

ditions chosen in this work, it was possible to selectively deactivate the external surface of TS- I 

without significantly narrowing or blocking the pore entrances. 

By applying the kinetic model to the reaction data obtained from experiments using parent and 

external surface-deactivated TS-1, it was possible to decouple the activities of the internal and ex­

ternal surface. On the basis of the internal and external rate constants for reactant consumption and 

product formation, the influence of the external surface in tem1s of both activity and selectivity could 

be evaluated. Other methods to distinguish between internal and external activity of TS-I, such as 
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coking of the external surface or the use of non-calcined TS-I samples, were not reproducible. If 

larger crystals with a smaller amount of external surface sites are used, the reaction becomes severely 

diffusion limited and conversions and selectivities are low. 

Using the cycle-wise CVD of TEOS technique, the role of the external surface was found to 

be important. The rate constants for the reaction at the external surface were always at least an 

order of magnitude larger for all reactions, which can be explained by a relatively low concentration 

of hydrogen peroxide in the TS-1 pores due to their hydrophobicity. Being exposed to the (much 

higher) H2O2 concentrations in the bulk solution, the external surface sites exhibit a significantly 

higher activity. The external surface also showed much higher activity for non-selective reactions, 

i.e. peroxide decom1Josition and tar formation. A study of H2O2 decomposition over small and 

large TS-I crystals revealed that the majority of the peroxide is decomposed at the external surface, 

which can also be attributed to higher peroxide concentrations at the external surface. This could 

also result in the formation of titanium (dihydroperoxo) species, which have a limited stability. As 

a result of peroxide decomposition at the external surface, tars are formed through overoxidation of 

hydroxylated produc:-s. The significant reduction of tar formation upon silanisation, expressed as 

tar deposition on the catalyst or as tar formation rate constant, confirmed that the external surface is 

also mainly responsible for non-selective conversion of the aromatic reactant. The external surface 

also exhibits different selectivities compared to the internal smface. In all aromatic hydroxylation 

reactions overTS-1, more of the ortho-hydroxylated isomer was formed at the external surface. This 

proves the presence of shape selectivity in the TS-1 pores for all hydroxylations as no geometric 

constraints are imposed on the reaction at the external surface. The role of the external surface 

was solvent dependent, which can be explained by different competitive adsorption of reactants and 

products. Another factor is the ability of the solvent to dissolve the tars formed at the external surface 

during reaction. Pa1ts of the external smf ace become deactivated in the course of the reaction and a 

shift in the product selectivity is observed as these sites are eliminated. 

The question whether shape selectivity plays a role in aromatic hydroxylations over titanium­

substituted zeolites was investigated by comparing the medium-pore TS-1 and the large-pore Al­

free Ti-beta. In the phenol hydroxylation, TS-1 showed a much higher selectivity towards the para 

isomer, which is consistent with a shape selective reaction in the pores. Since the Al-free Ti-beta 

pores are larger, more ortho isomer was formed. The opposite was however observed in the anisole 

and toluene hydroxylation, where much higher para-selectivities were observed with Al-free Ti­

beta. This effect can be explained by the ability of the aromatic molecules to adopt a different 

configuration in the pores of Al-free Ti-beta. In Al-free Ti-beta, apolar substituents at aromatic ring 

such as the methyl group of anisole and toluene, will point away from the polar titanium hydroperoxo 

site towards the framework walls. This configuration, driven by the hydrophobicity of the framework 

and the hydrophilicity of the active site, is not possible in TS-1 due to space restrictions. 
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CHAPTER 6. CONCLUDING REMARKS 

Diffusional limitations in TS-1 catalyzed aromatic hydroxylatioru; have repeatedly been reported, 

but very little data about the diffusivity of aromatics in TS-1 is available in the literature. The ZLC 

method was therefore applied to measure (binary) intracrystalline counterdiffusivities in TS- I. The 

suitability of the method was demonstrated by thoroughly investigating key parameters that could 

affect the determination of the diffusivity values, such as flow rate, concentration of the substrate, 

amount of catalyst and blank response of the system. The intracrystalline diffusivities measured 

with the ZLC method were about an order of magnitude larger than literature values. However, the 

diffusivities reported in the literature were determined under reaction conditions. Additional space 

restrictions generated by reactive species in the pores could explain the lower values. An activation 

energy of 20.4 kJ/mol was found for the diffusion of phenol in TS-I, which is in the same order 

as comparable diffusivity values for silicalite or H-ZSM-5. The role of the solvent and the role of 

the substrate in the diffusion of aromatics in TS-1 was also investigated. A slower diffusion of the 

aromatic was observed when the compound was strongly adsorbed in the zeolite pores. Thus, the 

solvent has an influence on the tram,-port properties of aromatic molecules in TS-1 by altering the 

interactions with the zeolite walls. The influence of the pore size on intraporous mass transport 

was evaluated by comparing the diffusion of phenol in TS-1 and Al-free Ti-beta. As expected, the 

intracrystalline diffusion of phenol was significantly faster in the larger-pore Al-free Ti-beta. 

A chromatographic liquid-phase pulse method was used to characterise the adsorption properties 

of aromatics in TS- I and Al-free Ti-beta with different solvents. The adsorption sh1dy highlighted 

the hydrophobic nature of both catalysts as non-polar compounds were generally more strongly 

adsorbed than polar molecules. Large Heniy's constants for aromatics with water as the solvent and 

small K values for water in methanol and acetone confirmed the hydrophobicity of the zeolite pores. 

As a consequence, intraporous concentrations of H20 2 arc likely to be very low, which is a key 

factor for framework stability and for the high selectivities observed for TS-1 and Al-free Ti-beta. 

Aromatics were generally more strongly adsorbed in methanol compared to acetone, explaining the 

higher activity of the catalyst obtained when methanol was used as a solvent. 

Adsorption effects arc largely responsible for the different activities observed for TS-I and Al­

free Ti-beta with different solvents. The general order of activity obtained was water>> methanol > 

acetone, which correlates to the Henry's adsorption constant of the aromatic reactant in the catalyst 

with the respective solvent. An additional factor when acetone is used as a solvent is the lower 

concentration of free H20 2 , caused by the reversible formation of various acetone peroxides and 

hydroperoxides. The lower free hydrogen peroxide concentration translates into a lower activity in 

acetone. 

An increase of the catalyst crystallites size results in the reaction rate being controlled by the 

mass transfer in the microporcs for both TS-I and Al-free Ti-beta . This confirms literature results, 

where severe diffusional limitations on the rate of phenol hydroxylation over TS-1 were reported 
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when smaU and large crystals were compared. Although these diffusional limitations were more 

severe for the medium-pore TS- I as compared to the large-pore Al-free Ti-beta, the phenol hydrox­

ylation over Al-free Ti-beta (dcrystat = 0.9 JJ,ffi) was also influenced by diffusion. This was confirmed 

by calculating catalyst effectiveness factors for TS-l and Al-free Ti-beta in the phenol hydroxylation 

using the measured intracrystalline diffusivities for phenol and the observed rate constants. On the 

basis of the effectiveness factors and after elimination of adsorption effects, the intrinsic activities 

of TS-1 and Al-free Ti-beta can be calculated. TS-1 showed a significantly higher intrinsic activity 

than Al-free Ti-beta for the hydroxylation of phenol. However, the intracrystalline diffusivity of 

phenol under reaction conditions might be lower than the binary diffusion coefficient measured with 

the ZLC method. Jfu1is is the case, the effect would be expected to be more impo11ant in the smaller 

pores of TS-1, hence the difference in intrinsic activity would be even larger than calculated in this 

work. 

For both TS- I and Al-free Ti-beta, the activity for hydroxylation decreased in the order phenol 

> anisole > toluene. This can be explained by the activation of the aromatic ring by the substituent, 

which corresponds to the order expected for an electrophilic substitution. Based on this observation 

and on results reported in the literature, an electrophilic substitution is the most likely mechanism 

for aromatic hydroxylations over titanium-containing zeolites. 

The active site in titanium silicalite catalyzed hydroxylations is a titanium hydroperoxo species 

formed upon reaction of framework titanium with H20 2 ; when TBHP was used as the oxidant, no 

hydroxylation occuned. A reaction mechanism involving an elcctrophilic attack of the aromatic ring 

by the terminal OH of the titanium hydroperoxo group \Vas therefore proposed. Due to the nature of 

the resonance-stabilised reaction intermediates, exclusive oi1ho- and para-hydroxylation occurs in 

the case of phenol and aniso\e, whereas the meta isomer is also formed in the toluene hydroxylation. 

A pronounced influence of the solvent on the product distributions wa'i observed. Particularly in 

TS-I, para-selectivity was enhanced in protic solvents. 1t is therefore suggested that the solvent plays 

an active role in the reaction path. Protic solvents can coordinate to the framework-incorpomted ti­

tanium atom, increasing its coordination sphere to 5 or 6 and rendering the active site significantly 

more bulky. Monosubstituted benzenes have a kinetic diameter close to the dimensions oftbe TS-1 

pores; a more bulky active site therefore imposes a geometric constraint on the reaction inside the 

pores, favouring the fom1ation of the para-isomer. In the absence of protic solvents, phenol can 

compete for coordination to the titanium or, alternatively, hydrogen-bond to the Ti-OOH group. In 

this case, the ortho-position of the phenol molecule is geometrically favoured for the electrophilic 

attack and ortho-hydroxylation occurs. Since the methylether group of anisole is more bulky than 

the phenolic OH ana anisole cannot coordinate to the titanium site, more para-hydroxylation was ob­

served in the anisole hydroxylation. Due to the less ortho/para-directing effect of the methyl group, 

all three isomers were fonned in the toluene hydroxylation. Coordinated protic solvent molecules 
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CHAPTER 6. CONCLUDJNG REMARKS 

may also alter the hydrophilicity of the active site, favouring a configuration with the substituent of 

the aromatic ring pointing away from the active site and leading to favour para-hydroxylation. 

Future outlook and recommendations 

It has to be noted that all aromatic hydroxylation reactions were investigated under standardised 

reaction conditions in this work. These conditions are not optimised to achieve optimum selectivities 

based on the aromatic reactant and hydrogen peroxide . Superior selectivities reported in the literature 

are due to lower feed ratios of H2O2 to the aromatic reactant and higher reaction temperatures. 

Particularly for the slower anisole and toluene hydroxylation reactions, higher reaction temperatures 

would s1gnifi.cantly improve the peroxide efficiency, an important factor from an industrial point of 

view. This also applies for the 2-methyl-naphthalene oxidation to vitamin K3 over Al-free Ti-beta, a 

particularly interesting example for an industrial application. 

Literature results indicate that it might also be interesting to investigate triphase conditions where 

no solvent is used. Higher para-selectivities and activities were reported, but a more thorough inves­

tigation of engineering aspects such as design of the experimental setup is needed. 

A general remark from both an industrial and a research point of view is that all reactions should 

be investigated in a continuous system to circumvent the ' classicaJ ' problems of batch reaction in­

vestigations and to confirm the results obtained in this work. 

The question whether TS-1 is intrinsically more active than Al-free Ti-beta for aromatic hy­

droxylations was partly answered in the course of this work. An extended comparison of TS-1 and 

Al-free Ti-beta involving more compounds and solvents would be of interest. However, to make 

exact statements, diffusion measurements under reaction conditions and the determination of the 

intraporous hydrogen peroxide concentration arc necessary. Both tasks have not yet been accom­

plished and more research on these topics has to be done. The liquid-phase ZLC method might be 

an appropriate tool; hydrogen peroxide could be co-fed at very low temperatures (where the hy­

droxylation reaction is sufficiently slow) and the diffusivity of aromatics could be measured in the 

presence of Ti-OOH sites in the pores. Toe same applies for the measurement ofH 2O2 adsorption 

in titanosilicates, which might be possible at very low temperatures and could then be extrapolated 

to reaction conditions. 

Concerning the application of Al-free Ti-beta, it could be shown that this novel material has the 

potential to become a useful catalyst for aromatic hydroxylation reactions. Its hydrophobicity, sim­

ilar to that of TS-1, renders the framework stable under reaction conditions when H202 is used as 

the oxidant. Although apparently slightly less active than TS-1 for the hydroxylation of monosub­

stituted benzenes, the oxidation of naphthalenes is only feasible with AJ-free Ti-beta. The results 

obtained for the oxidation of 1-naphthol and 2-methyl-naphthalene arc encouraging and optimising 
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the reaction conditions would lead to higher conversions. Jt might also be interesting to test the 

catalytic properties of Al-free Ti-beta for other compounds that are too bulky for TS-1, such as other 

substituted naphthalenes, anthracencs and highly-substituted aromatics. 

The synthesis procedure for Al-free Ti-beta is not yet optimised since even the seeded synthesis 

results in relatively large crystals, for which mass transfer limitations were observed. Jt would 

therefore be of great interest to synthesise smaller crystals. Promising methods are the promoter­

induced synthesis method developed by Kumar et al. (1996) (which could easily be extended to the 

synthesis of Al-free Ti-beta), the steam-assisted crystallization method presented by Ogura (2001 ), 

or the crystallization in the presence of very small amounts of aluminium as shown by Tatsumi and 

Jappar (1998). 
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Appendix B 

List of chemicals 

Table B.1: List of products 

Name I Supplier I Purity 

Acetone Merck HPLC grade 
Aerosil 200 Degussa 99.9% 

Ammonium fluoride (NH4F) Merck p .a 
Ammonium hexafluorotitanate Aldrich p.a 

((N~hTiF6) 

Aluminium chloride hcxahydrate Acros p.a 
Anisolc Aldtich 99.9% 

o-hydroxy-anisole (guajacol) Merck 99% 
p-hydroxy-anisole Merck 99% 

3-cyclodextrin Aldrich p.a., for HPLC 
Catechol (o-dihyroxybenzene) Saarchem 99.9% 

m-cresol Aldrich 99.9%+ 
o-cresol Aldrich 99.9%+ 
p-cresol Aldrich 99.9%+ 

Dodecylamine Fluka 99.9% 
Ethanol Saarchem HPLC gmde 

(dried over 4A molecular sieve) 
Hydroflouric acid, 40% in water Fluka p.a 

Hydrogen peroxide, 30% in water BDH p.a 
Hydroquinone (p-<lihyroxybenzene) BDH 99.9% 

Magnesium sulphate Merck p.a 
Methanol Merck HPLC grade 

2-methyl-naphtha Jene Acros 99% 
1-naphthol Aldrich 99.9% 

157 



APPENDIX B. LJST OF CHEMICALS 

Name Supplier Purity 

1 ,4-napbthoquinone Merck 99% 

2-methyl-1,4-naphthoquinone Merck 99.9% 

(menadione, vitamin K3) 

Nitric acid, 55% in water Saarchem p.a 

Phenol Aldrich 99.9% 

Phosphoric acid, 85% in water BDH p.a 

Potassium iodide Saarchem p.a. 

2-propanol Saarchem HPLC grade 

(dried over 4A molecular sieve) 

Sulfuric acid cone. Saarchem p.a. 

t-butylhydroperoxide (t-BuOOH) Acros p.a 

70% in water 

Tetrabutyl orthotitanate (TBOT) Alfa 99.9%+ 

Tctraethyl 01thosilicatc (TEOS) Aldrich 99%+ 

Tetraethyl orthotitanatc (TEOT) Alfa 99.9%+ 

Tetracthylammon.ium hydroxide (TEAOH) Alfa 99.9%+ 

20% or 40% in water (Na++ K+ < 50 ppm) 

Tetrapropylammonium bromide (TPABr) Fluka p.a 

Tctrapropylammonium hydroxide (TPAOH) Alfa 99.9%+ 

20% in water (Na++ K + < 50 ppm) 

Toluene Aldrich 99.9% 
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Appendix C 

Physico-chen1ical catalyst characterisation 

data 

C.1 X-ray diffraction 

C.1.1 TS-1 
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Figure C.1: XRD pattern of small TS-1 crystals 
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APPENDIXC. PHYS/CO-CHEMICAL CATALYSTCHARACTERJSATJON DATA 
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Figure C.2: XRD pattern of large TS-1 crystals 
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C.1.2 AJ-free Ti-beta 
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Figure C.3: XRD pattern of Al-free Ti-beta (large and small crystals) 
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Figure C.4: XRD pattern of dealuminated Al-beta seeds 
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APPENDIX C. PHYSICO-CHEMIC4L CATALYST CHARACTERJSATJON DATA 

C.1.3 Ti-HMS 
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Figure C.5: XRD pattern of Ti-HMS 
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C.2. Diffuse rcflecwnce UV- Vis spcctro 

C.2 Diffuse reflectance UV-Vis spectra 

The diffuse reflectance spectra of all catalysts used for reaction work are displayed in Figure 4.1. 

The spectrum ofTiO2 (anatase) is also given for comparison. Wavelengths were corrected using the 

absorption edge of anatase. The normalised diffuse reflectance is plotted as F(R) in Kubela-Munk 

according to: 

(1 - &)2 
P(Rm) = too 

2 Re., 

(Cl) 

Where Roe was obtained from the reflection of highly pure MgO or from a certified standard of 

Labsphere (SR.S-99-010). 

C.3 Chemical composition 

The titanium content of the catalysts as measured by AAS of the dissolved catalyst and by EDX of 

the catalyst powder. is shown in Table C.1. 

Table C.1: Titanium content of catalysts 

Catalyst I Si/Ti (AAS) I Si/Ti (EDX) I 
TS-I sma111 33 30 

TS- I small (sil.f 33 60 
TS-1 large;i 33 35 

Al-free Ti-beta 4 40 45 
Ti-HMS 50 -

1TS-I of dcrystal = 0.1 µm; 2small TS- I crystals after CVD of TEOS for 20 cycles: 3TS- I of dcryst.al 

= 3 x 1 0x45 µm; 4 Al-free Ti-beta of dcrystaL = 2 - 5 µm 
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C.4 Scanning electron micrographs 

Figure C.6: SEM picture of dealuminated beta seeds 

Figure C.7: SEM picture of Ti-HMS 
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C.4. Scanning electron micrographs 

,. 

l. 
Figure C.8: SEM picture of large TS-1 crystals 

Figure C.9: SEM of large Al-free Ti-beta crystals 
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Appendix D 

Data evaluation and work-up 

The following equations were used to evaluate conversions, selectivities, the peroxide efficiency and 

the product p/o-ratio: 

(D. I) 

(D.2) 

(D.3) 

(D.4) 

The concentrations of the aromatic compounds were detc1mincd by HPLC analysis using the 

following equation: 

Ai· PJ 
Ci=---"----

S Fi . msamvle 
(D.5) 

where Ai is the peak area of compound i, SFi the sensitivity factor of compound i, msomple the 

withdrawn sample mass in the analysis solutions and p 1 the density of the reaction mixture . The 

sensitivity factors were repeatedly determined with calibration solutions of known concentrations 

according to 

(0.6) 
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Figure D. l shows an example for the determination of a sensitivity factor using a Beckman 168 

diode array detector (injection of 25 µI calibration solution with sample loop). 
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Figure D.1: Determination of sensitivity factor of phenol 
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Appendix E 

Analysis results 

Figure E.1 - E .6 show typical chromatograms obtained from HPLC analysis of the reaction mixture 

samples. Samples were withdrawn from the reaction mixture, immediately filtered with 0 .2 µm 

Millipore disk filters, and diluted to 50- 100 ml with methanol/H20 (the sample work-up is described 

more detailedly in the experimental section). 

E.1 Phenol hydroxylation 

Mobile phase 

Flow rate 

Stationa1y phase 

Detector 

Acetonitrile/H 2O (25 : 75), buffer: H3 PO4 85 % (0.8mlil) / TEA (I ml/I) 

1 ml/min 

Luna C18 5µm reverse-phase column 250x5 mm 

Diode array @ 280 nm 
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Figure E.1: Tynical HPLC chromatogram for phenol hydroxylation reaction mixtures 
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APPENDIX E. ANALYSIS RESULTS 

E.2 Anisole hydroxylation 
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Figure E.2: Typical HPLC chromatogram for anisole hydroxylation reaction mixtures 

170 



E.3. Tol11c11c hydroxylation 

E.3 Toluene hydroxylation 

To achieve a satisfactory separation of the toluene hydroxylation reaction mixtures, ,6-cyclodextrin 

was added to the mobile phase in the HPLC analysis. The formation of complexes of 8-cyclodextrin 

with the cresol isomers resulted in a perfect separation. Figure E.3 shows the cavity of a /3-

cyclodextrin molecule. 
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Flow rate 

Stationary phase 

Detector 

Figure E.3: Cavity of a 8-cyclodcxtrin molecule 

t = 0 min - 20 min: McthanoliH20 (30: 70) + ,B-cyclodextrin (0.5 g/1) 

t = 20 min - 40 min: Methanol/H20 (60: 40), 
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Luna C18 511m reverse-phase column 250x5 mm 
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Figure E.4: Typical HPLC chromatogram for toluene hydroxylation reaction mixtures 
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E.4 Hydroxylation of 1-naphthol 
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Figure E.5: Typical HPLC chromatogram for 1-naphthol hydroxylation reaction mixtures 
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E.5. Hydroxylation of2-methyl-naphthalene 

E.5 Hydroxylation of 2-methyl-naphthalene 
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Figure E.6: Typical H.PLC chromatogram for 2-methyl-naphthalenc hydroxylation reaction mix-
tures 
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Appendix F 

Kinetics 

F.1 Kinetic model 

An overall second-order kinetic model (first order in both the aromatic reactant and hydrogen per­

oxide) as described in section 4.2.2 was chosen to represent the measured concentration-time data 

of the hydroxylation of phenol, anisole and toluene. A brief evaluation of the reaction order and a 

justification of the kinetic model is given below. 

According to the reaction mechanism proposed in section 5.3.2. I, the aromatic comp0tmd reacts 

with a titanium hydropcroxo species to fom1 the hydroxylated product in an i1Teversible reaction: 

A:1 

Ar+ Ti(OOH) ~ ArOH + T-i (F.1) 

hence: (F.2) 

Where Ar represents the aromatic reactant and ArOH the hydroxylatcd reaction product. The 

active titanium species Ti(OOH) (possible configurations of the active site are displayed in Figure 

5.5) is formed via reaction of incorporated titanium (T·i) vvith hydrogen peroxide (see also Clerici 

et al. (l 992)), which can be regarded as either a reversible ( equation F.3) or as an irreversible reaction 

(equation F.4): 

KriOOH 

Ti(OOH) (F.3) 
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Jvri(OOFI) 

~ Ti(OOH) 

F. I. Kinetic model 

(f.4) 

Where the sum ofhydroperoxo titanium sites T-i-(OOH) and "free" titanium sites Ti equals the 

total amount of titanium sites in the catalyst: 

Cri,t.ot = Cri + Cri(OOH) (F.5) 

If the formation of titanium hydropcroxo species is assumed to be reversible (equation F.3), the 

rate equation F. l becomes 

d~. l 
-dt = k1KTi(OOH)CTi,tot · C ,fr · CH202 · l + I( C 

Ti(OOIT) lf202 
(F.6) 

For relatively low concentrations of hydrogen peroxide (which is the case in the hydrophobic 

pores of TS-I and Al-free Ti-beta), this expression becomes (with k; = k 1 Kri(OOH)Cri.tot) 

dCAr ~ k• C C ili = l · .-1r • II 10 1 (F.7) 

which is the overall second-order expression used for the kinetic evaluations in this work . If 

the titanium hydroperoxo formation is assumed to be irreversible, tbe rate equation F. l becomes 

( assuming pseudo-steady state) 

(F.8) 

At a low concentration of hydrogen peroxide and with ~k k C'Ar ~ coma. (at low conversions 
TiOOH · 

of the aromatic), the rate equation can be approximated with a second-order expression similar to 

equation F.7 (with k~ = k1 • ki 
1 

. ) • 
kTi(OOH) C,1,-,-CH202 
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APPENDV< F KINETICS 

F.2 Kinetic constants 

F.2.1 Phenol hydroxylation 

Table F.1: Kinetic constants for phenol hydroxylation over TS-1 after progressive cycle-wise CVD 
treatment 

rate constant oo. siJanisation cycles 

[~nl.~~.J 0 5 10 15 20 

k1 l. l SE-05 9.35E-06 8.32E-06 7.06E-06 6.73£-06 

k2 3.26E-07 4.20£-08 3.47E-09 I .22E-08 9.98E-09 

k3 5.07E-06 3.94£-06 3.47E-06 2.79E-06 2.64E-06 

k4 5.68E-06 4.32E-06 4.00E-06 3.92E-06 3.80E-06 

k5 2.43E-07 2.36E-07 1.25E-07 3.42E-08 6.19E-08 

k6 5.04E-09 3.22E-09 2.66E-09 4.00E-09 2.00E-09 

kt l.02E-06 1.08E-06 8.55E-07 3.52E-07 2.96E-07 

T = 60 °C, 30 ml water, 1.2 g phenol, 0.6 ml H2O2 (30 % in H2O), 0.12 g TS-1 (dcrystal = 0.1 J.tm) 

Table F.2: Observed rate constants for phenol hydroxylation over parent and silanised TS-1 and 
large TS-1 crystals in different solvents 

TS-1 
rate constant Water Methanol Acetone 

Ln,.:»2., J parent1 I silanised2 I large3 I cokcd-1 parent I silanised parent I silanised 

k1 5.32e-6 2.02e-6 l.41e-7 2.89c-6 I .38e-6 9.23e-7 7.93e-7 3.45e-7 

k2 2.94e-6 1.70e-6 4.09c-8 5.50e-6 2.88e-6 l .30e-6 3.32e-8 l.14e-8 

k:i 1.6 le-6 7.07e-7 4.986e-8 8.97e-7 3.23e-7 2.1 0e-7 3.32e-7 1.29e-7 

~ 2.43e-6 l .23e-6 7.86c-8 l.28c-6 6.94e-7 6.24e-7 2.57e-7 l.46e-7 

ks 1.07e-6 2.36e-7 6.85c-7 2.28c-7 2.25e-7 l.4le-7 7.8le-8 1.51 e-8 

~ 2.52e-6 4.15e-8 l.98e-8 2.4 le-8 l.44e-7 1.04e-7 6.28e-9 4.04e-9 

kt l .46e-6 8.23e-8 l.26e-8 7.13e-7 3.59e-7 8.86e-8 2.04e-7 6.98e-8 

T = 60 °C, 5 ml solvent, 1.2 g phenol, 0.6 ml H2O2 (30 % in H2O), 0.12 g TS-1; 1small TS-I crystals 
(0.1 µm), not modified; 2small TS-I crystals after CVD of TEOS for 20 cycles; 3Jarge TS-I crystals 
of 3 x l 0 x45 Jlm; 4 small TS- I crystals coked before reaction 
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F2. Kinetic constants 

Table F.3: Kinetic constants for phenol hydroxylation over TS-1 with Al-free Ti-beta of different 
crystal sizes 

rate constant Al-free Ti-beta 

Ln,.~2 .• J large crystals 1 I small crystals2 

k1 6.25e-7 l.l 9e-6 

k2 3.7le-7 4.45e-7 

k3 3.84e-7 6.88e-7 

ki 1.59e-7 2.77e-7 

~ 3.75e-6 6.47e-6 

kt, 3.49e-7 6.78e-7 
k,. 8. I 9e-8 2.23e-7 

T = 60 °C, 5 ml water, 1.2 g phenol, 0 .6 ml H2 0 2 (30 % in H20), 0.12 g Al-free Ti-beta; 1 Al-free 
Ti-beta of 2 - 5 µm; 2 Al-free Ti-beta of ca. 0.9 11,m 
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F.2.2 Anisole hydroxylation 

Table F.4: Observed rate constants for anisolc hydroxylation over parent and silanised TS-I and 
Al-free Ti-beta in different solvenL-. 

TS-1 Al-free Ti-beta3 

rate constant Methanol Acetone Methanol Acetone 

[-~,.~~--:-;;] parcnt1 silanised2 parent silanised 

k1 5.67e-7 9.0le-8 2.05c-7 1.08e-7 l .73e-7 6.04c-8 

k2 5.24c-7 2.25e-7 2.12e-7 2.44e-7 3.36e-7 1.66c-7 

k3 1.23e-7 1.82e-8 5.89e-8 2.98e-8 l.25e-7 4.07c-9 

k4 2.84c-7 4.85c-8 l .09c-7 7.05e-8 l.32e-7 2.57c-8 
k5 l.53e-7 l.39e-7 9.39e-8 6.80e-8 2.4le-7 1.94e-7 
k6 4.85e-9 3.04e-9 2.29e-8 1.26e-9 l.19e-7 1.21e-7 
kt l.60e-7 2.34e-8 I 3.70e-8 8.03e-9 2.83e-8 3.06e-8 

T = 60 °C, 5 mJ solvent.. 1.2 g anisole, 0.6 ml H2O2 (30 % in H2O), 0.18 g catalyst; 1 small TS-1 
crystals (dcrystal = 0.1 11,m), not modified; 2small TS- I crystals after CVD of TEOS for 20 cycles; 
3 Al-free Ti-beta of dcrwtal = 2 · 5 11,m 

F.2.3 Toluene hydroxylation 

Table F.5: Observed rate constants for toluene hydroxylation over parent and silan.ised TS- I and 
Al-free Ti-beta in different solvents 

TS-I Al-free Ti-beta 
rate constant Methanol Acetone Methanol Acetone 

[ _,,, .:.. ~ . .] parent' silanised2 parent silanised 

k1 l .02e-7 4.15e-8 6.73e-8 3.1 le-8 3.35e-8 2.33e-8 
k2 5.69e-7 3.04e-7 2.18e-7 1.3 le-7 4.9le-7 l .25e-7 
k3 2.28e-8 8.99e-9 2.25e-8 I .06e-8 2.27e-9 9.25e-l 0 

kt 8.71e-9 4.55e-9 5.95e-9 3. l 9e-9 1.46e-9 6.56e-10 
k5 l .95e-8 1.l8e-8 l .02e-8 5.88e-9 6.09e-9 l.69e-l 0 
k6 3.25e-8 2.12e-8 3.35e-8 7.18c-9 l .02e-7 9.02e-8 
k1 2.23e-8 5.19e-9 l .57e-8 9.87e-9 1.77e-8 1.22e-8 
ks 5.97c-9 3.1 0e-9 4.74e-8 6.55e-9 2.16e-9 9.77c-10 
kt 5.14c-8 5.70c-9 2.87c-8 I .14e-8 2.37c-8 2.1 Se-8 

T = 60 °C, 5 ml solvent, 1.2 g toluene, 0.6 mJ H2O2 (30 % in H2O), 0.3 g catalyst; 1small TS-1 
crystals (0.1 pm), not modified; 2small TS-1 crystals after CVD of TEOS for 20 cycles 
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