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Chapter 1

General Introduction

1.1

Catalysis: Principle and Applications

Catalysis is one of the most important and prominent concepts of life. It is often claimed
that all products we use in daily life have met, or will meet, a catalyst at some point on their
trip from cradle to grave. Besides that, also life itself essentially depends on (bio)catalytic
processes. The growing of crops, digestion of food and cell reproduction are just a few examples
of the numerous processes in nature in which enzymes (bio-catalysts) do their dedicated tasks
with high efficiency. The first catalytic process deliberately performed by humans probably
is the production of wine by fermentation of sugars, although the understanding of the actual
chemistry involved at that time most likely was a minor concern.
A popular definition of a catalyst still is: “a substance that accelerates a chemical
reaction without itself being consumed”. Although this definition covers the main purpose of
catalysis, it is essentially incorrect. In 1895, a modern definition was formulated by Ostwald
stating that; “a catalyst accelerates a chemical reaction without affecting the position of
the equilibrium”. This describes that a catalyst indeed can affect the kinetics of a reaction
(accelerates), but does not in any way, alter the thermodynamics of the process (position of
the equilibrium).
As always, things are more complicated in practise and as the definition holds for all
catalysts, there is no general definition of how a catalyst actually does the job. However,
catalysis is a cyclic process which contains a few basic steps, which are the key to all catalytic
processes. In Figure 1.1, an elementary catalytic cycle of the reaction A2 + B2  2 AB is
schematically illustrated. In the first step, the different reactants approach and adsorb on the
catalyst surface (I). Then, under influence of the catalyst bonds get broken and rearranged, i.e.
a chemical reaction takes place (II) and finally, the freshly formed product desorbs from the
catalyst surface and the catalyst remains behind unchanged (III). Obviously this is a simplified
picture and many variations on the scheme exist. However, all catalytic cycles involve these
three basic steps.
The field of catalysis is often divided into three subfields: homogeneous (reactants
and catalyst in the same phase), heterogeneous (reactants and catalyst in different phases)
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Figure 1.1. Schematic representation of the elemental steps in a catalytic cycle. Bonding of reactants A2
and B2 (I), chemical reaction (II) and desorption of the product AB (III).

and bio-catalysis (using catalysts derived from nature, mainly enzymes). Because of the
robustness, ease of separation and recycling of the catalyst and consequently relatively
low costs, heterogeneous catalysts are the most popular in large scale industrial processes.
Homogeneous and enzymatic catalytic processes mainly find application in fine-chemistry,
for example in the pharmaceutical and food industry. Due to the constantly increasing prices
of raw materials and energy and the need to reduce waste streams, the demand for new and
more efficient catalytic production routes has largely increased over the past decade and will
continue like that.

1.2

Oxidation Catalysis: A Short Literature Survey

Worldwide, about 25 % of the most important industrial intermediates are produced
by selective oxidation catalysts, comprising roughly a quarter of the value of all catalytic
processes.[1, 2] This makes the controlled partial oxidation of hydrocarbons the single most
important technology for the conversion of natural gas and oil based feedstocks.[3-5] For the
large scale processes, molecular oxygen is the preferred oxidant due to its low price and low
waste production. However, applying O2 as selective oxidant is not straightforward.
All oxidation reactions have in common that they are mechanistically tremendously
complex and therefore difficult to control. This results from the fact that molecular oxygen
can react with most organic compounds even without a catalyst present.
In the ground state, the molecular oxygen diradical is in a triplet spin state. Because
interaction with a closed shell singlet state, in which most molecules generally are, requires
a quantum mechanically forbidden transition, this prevents reaction of oxygen with these
molecules at ambient temperature. However, when the temperature is sufficiently high to
overcome the energy barrier for the transition into a singlet state, the reactions proceeds
readily. This is characterized by the existence of an autoignition temperature for most organic
substances at which they spontaneously combust, without the need of an external flame
or spark. Singlet oxygen is thought to abstract a hydrogen atom from a hydrocarbon, thus
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creating two radical species. Triplet oxygen reacts readily with the formed radicals, which
are in a doublet state, allowing it to subsequently react with a singlet state fuel molecule.
This causes a constant supply of radical species and keeps the reaction running. The large
amount of energy released during combustion and the consequent temperature rise speeds
up the reaction in an uncontrollable way, but also (locally) alters the conditions so that other
reactions than the desired reaction might become thermodynamically or kinetically favoured.
Such an uncontrolled reaction can yield all kind of products, inevitably decreasing the
selectivity dramatically.
Probably, still the most important form of an oxidation reaction is simply the burning of
organic material, yielding heat, light, CO2 and water. But even this seemingly straightforward
reaction deals with selectivity issues. Incomplete combustion might form toxic intermediates
(like carbon monoxide) and causes a serious loss of potential energy from the fuel. When not
the energy, but partially oxidized intermediates are the desired products, care has to be taken
not to over-oxidize the feedstock into useless CO2 and water. In both cases the use of a catalyst
might offer a solution to the selectivity problem, by facilitating certain reaction paths at lower
temperature. Consequently, the field of oxidation catalysis research is broad and encloses both
studies into selective partial oxidation[4-9] as well as efficient total oxidation.[10]
Several tricks can be played to increase the selectivity of oxidation reactions. For instance
stoichiometric oxidants like dichromates or permanganates can be used, which can oxidize
hydrocarbons in a controlled way at lower temperature. However, such methods yield large
streams of waste inorganic salts, some of which are a serious threat to the environment, e.g.
Cr6+-compounds and therefore are becoming prohibitive.[11] Other processes employ strong
acids like HNO3 and / or H2SO4 as oxidant. However the use of these mineral acids can
cause severe corrosion of equipment and yields large acidic waste streams that have to be
neutralized and/ or purified.
The application of redox molecular sieves can offer a solution for both waste and
corrosion problems. Reactive metal-ions are trapped in the zeolites where they are oxidized
by molecular oxygen. The oxidized metal ions can subsequently oxidize the reactants that are
present in the micropores. The products diffuse out of the pores leaving the reduced metals
behind for another cycle, thus reducing the waste. Alternatively highly reducible metal oxides,
such as CeO2, can act as oxygen reservoir via a Mars-van Krevelen type mechanism. Also in
these methods molecular oxygen has to be present to reoxidize the catalyst and complete the
cycle.
Another method that gained a lot of attention in the past decades is the use of supported
noble metal catalysts for the activation of molecular oxygen in gas-phase oxidation and
oxidative dehydrogenation reactions at high temperatures.[12-16]
Alternative oxidants like hydroperoxides,[17] ozone[18] or N2O[19] contain activated oxygen
and therefore can be employed at lower temperatures thus allowing to perform the reaction in
a more controllable way. In some cases these oxidants can be formed in-situ, as for instance in
Shell’s SM-PO[20-22] or Sumitomo Chemical’s cumene hydroperoxide[23] process. However, the
production and use of these oxidants is expensive and often desires complicated technology.
In the following sections, the processes relevant for this PhD thesis will be discussed.
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1.3

Catalysis by Gold

The noble metal gold has always had a large appeal on humans because of the beautiful
shine and lack of corrosion. Therefore, gold has been used throughout human history mainly
for decoration purposes and has been the most common basis for monetary policies. Even
today, 50 % of the gold production is used in jewellery, another 40 % as investments. Because
of its inertness, gold has never been of any interest for application in heterogeneous catalysis,
until recently. In 1973, Bond and co-workers reported on the application of a supported gold
catalyst for the hydrogenation of mono-olefins but-1,2-ene and but‑2‑yne.[24] However, only
until Haruta and co-workers reported in 1989 that supported gold nanoparticles on an oxidic
support yielded a highly active catalyst for low temperature CO oxidation, a true gold rush
in heterogeneous catalysis started.[25] To compare the impact of both publications, Haruta’s
paper has been cited 1260 times to 6 citations of Bond’s publication (Scopus search on July
15th, 2011).
Supported gold nanoparticles were found to exhibit remarkable properties in, most
importantly selective oxidation reactions and gold-based catalyst materials have been
extensively researched and reviewed the past years.[26-32] But also for various other reactions[33]
including water gas shift reaction,[34] selective hydrogenations,[24, 35] NO reduction,[36, 37] total
combustion of hydrocarbons,[38] and the hydrochlorination of acetylene[39] gold catalysts have
successfully been applied. However, the oxidation of CO remains the most important topic in
gold catalysis.
For all applications, there is a strong size/ activity relationship for the supported gold
particles and the key to activity is to obtain gold particles with a diameter < 5 nm.[28] In
Figure 1.2, a Transmission Electron Microscopy (TEM) image of a typical Au/TiO2 with
particles in the range of 2–6 nm is shown. The true origin of the catalytic activity is not
fully understood and there are many explanations given that relate the catalytic activity to
the electronic properties of the gold clusters. These properties can be influenced by the gold-

Figure 1.2. Transmission Electron Microscopy image of home-synthesized gold nanoparticles on a
porous TiO2 support. The gold particles (2-6 nm) are clearly visible as the dark round dots on the light
grey support. The larger central dark area represents a thicker TiO2 area.
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support interactions and the presence of defects on the support, but also the gold-support
perimeter has been identified as the active site.[40] Additionally, many authors have reported on
the formation of oxidic gold atoms as being essential for the catalysis, [41-48] but also zero valent
metallic gold clusters [49-53] and anionic gold species [54-60] have been reported to be essential
for CO oxidation. The smaller the gold particles are, the larger becomes the fraction of low
coordinated gold atoms present. Also the fraction of gold atoms in direct contact with the
support heavily depends on the size and shape of the gold clusters. Therefore the preparation
method as well as the chosen support material have a large influence on the activity of the
obtained catalyst.[61, 62] Obviously the state of the catalyst material ‘at work’ largely depends
on applied conditions under which the reaction takes place. Theoretical work has shown that
the reaction conditions have a major influence on the oxidation state and shape of the gold
particles, therefore true mechanistic insight is hard to obtain from ex-situ characterization
methods.[63] However, elegant in-situ characterizations of the gold catalysts ‘in action’ have
been reported and contributed significantly to the understanding of the phenomena of gold
catalysis.[64-67]

1.4

Liquid Phase Oxidation of Cyclohexane

The liquid phase oxidation of cyclohexane is an industrial process of major importance
for the production of cyclohexanol and cyclohexanone, a mixture otherwise known as KAoil. The process has a production of over 106 ton/y and the vast majority of the KA-oil is
used to produce the nylon-6 and nylon-6,6 monomers, ε-caprolactam and adipic acid.[4, 68-70]
Commercially, the process is run in the liquid phase at elevated pressure (1-1.5 MPa) and
temperatures of 140-170 °C, using molecular oxygen as oxidant. The oxidation gives cyclohexyl
hydroperoxide as the first intermediate. The hydroperoxide decomposes in the presence of a
dissolved cobalt(II)naphtanate salt into KA-oil. The oxidation and decomposition can either
take place in the same reactor, or a separate decomposition step is performed to increase the
total yield, as is commercially applied by DSM (OxanonTM process).[71] For the production
of ε-caprolactam, the KA-oil is subsequently dehydrogenated into cyclohexanone. Reaction
with NH2OH yields cyclohexanonoxime, which can undergo a Beckmann rearrangement in
the presence of oleum or an acid catalyst yielding the lactam.[72] For the production of adipic
acid, the KA-oil mixture can directly be further oxidized with nitric acid. In Figure 1.3 an
overview over the whole production route is given.

Figure 1.3. Reaction scheme of the industrial cyclohexane oxidation route via KA-oil to ε-caprolactam
and adipic acid.
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Many of the liquid phase oxidations of hydrocarbons with molecular oxygen are
known to be autoxidation processes. This means that the hydrocarbon reactant is subject to
the autocatalysis of the first reaction intermediate, an alkylhydroperoxide. Already in 1927,
Bäckström demonstrated that this autocatalytic behaviour is caused by the occurrence of a
radical-chain reaction caused by decomposition of the alkylperoxide.[73, 74] The autoxidation
goes through an initiation step where alkyloxy radicals are generated by homolytic cleavage
of a hydroperoxide initiator (In2) as shown in eq. 1.1-2. The initiation can either happen
thermally or in the presence of a transition metal. These radicals can propagate with the
ubiquitous hydrocarbon molecules (RH) and oxygen, causing a constant supply of new
alkyl and alkylperoxo radicals (eq. 1.3-4). In a classical view, product formation occurs
through termination of the radical chain by the mutual destruction of two peroxo radicals
yielding nonradical products (e.g. K and A) and molecular oxygen (eq. 1.5).[4, 11, 69, 70] Also the
autoxidation of cyclohexane, through the initial formation of cyclohexyl hydroperoxide, is
known to follow a radical-chain reaction.
Initiation
In2		
In• + RH

		
		

2 In•				
InH + R•			

(eq. 1.1)
(eq. 1.2)

Propagation
R• + O2		
RO2• + RH

		
		

RO2•				
RO2H + R•			

(eq. 1.3)
(eq. 1.4)

Termination
2 RO2•		

		

ROH + R’=O + O2		

(eq. 1.5)

The occurrence of a radical-chain has a large influence on the selectivity of the process
as the reactive radicals can easily attack product molecules, or overoxidize to form carboxylic
acids. In many cases, selectivity has therefore been found to be merely a function of conversion
and selectivities are found to decrease dramatically with increasing conversion. In practice,
this means that the industrial cyclohexane oxidation process runs at ~ 4 % conversion,
yielding only 70-85 % selectivity towards KA-oil.[4, 68-71, 75] In that regard, a new catalytic
system to improve the efficiency of the process is desirable. However, despite the extensive
research efforts on the topic, no new catalytic process found application yet. The mechanistic
aspects of cyclohexane autoxidation and the formation of by-products are discussed in detail
in Chapter 4.

Figure 1.4. Structure of the
reactive heme centres of P450
mimics iron-porphyrin and ironphtalocyanine.
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1.4.1

Catalyzed autoxidation of cyclohexane

Almost every transition metal that can undergo an one-electron switch (Co2+, Mn2+,
Cr2+, etc.) can to a certain extent catalyze the homolytic cleavage of a peroxo-bond through
a Haber-Weiss cycle.[3, 4, 76-78] Extensive research has been conducted in the urge to develop a
catalytic system that can selectively catalyze the autoxidation of cyclohexane. Systems that
have been under study include homogeneous catalysts inspired by those of the cytochrome
P450 superfamily, which are known to oxidize alkanes in biological systems. The P450
enzymes contain a reactive heme iron centre, in which an iron ion is coordinated by a porphyrin
ligand.[79] In the past many metallo-porphyrin[80-82] and metallo-phtalocyanine[83-86] systems,
applied homogeneously as well as encapsulated in zeolite supercages, have been investigated
for the oxidation of cyclohexane. Examples of these structures are illustrated in Figure 1.4.
Although good performances have been reported many organo-metallic catalysts suffer from
rapid deactivation, e.g. by the formation of μ-oxo-dimers. Additionally, most organic ligands,
such as the porphyrins, are not resistant to oxidation under the harsh reaction conditions.[87]
Table 1.1. Results for the aerobic cyclohexane oxidation over supported gold catalysts reported in
the open literature compared to the industrially applied cobalt salt. Applied reaction conditions were
T = 130-160 °C under 1-1.5 MPa O2 pressure and 3-8 h reaction time.

Catalyst

Co2+
Au/ZSM-5
Au/MCM-41
Au-SH/SBA-15a
Au/Cb
Au/Al2O3
Au/TiO2/SiO2
Au/Si0.79Al13.9 c
Au/F-SBA-15-co
Au/10MPTMS-cala
Au/SiO2
Au/SiO2
AuMg(OH)2/SiO2d
AuNi(OH)2/SiO2d
AuZn(OH)2/SiO2d
Au39/hydroxyapatite

Conversion
(mol%)
4
16
19
32
7.2
12.6
8.4
9.8
16.6
21.5
10.1
0.5
0.7
1
1.1
14.9

Selectivity
(mol%)
70-85
92
94
94
9.9
96.2
94.1
89.2
92.4
90.4
91.9
86.8
91.5
70.1
65.5
99

K/A-ratio

Reference

0.5-1
2.7
3.5
1.9
0.68
0.61
0.69
0.68
n.a.
1.6
n.a.
0.89
0.78
0.97
1.0
1

[68]
[96]
[97, 98]
[99]
[100, 101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[108]
[108]
[108]
[109]

thiol modified SBA-15.
b
70 °C, 17 h, in the presence of a radical initiator.
c
Silica modified alumina support.
d
70 °C, TBHP as oxidant at atmospheric pressure.
a

Another class of catalyst materials are the redox molecular sieves. These catalysts
consist of zeotype materials containing transition metals, ion-exchanged or isomorphously
substituted in the framework (e.g. CoAPO-5 or MnAPO-5), for charge compensation and
redox activity.[4, 8, 77, 88-94] The redox molecular sieves are cheaper and more robust than the
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metal-organic complexes, however deactivation and leaching of the metal ion can be severe.
[7, 95]

1.4.2

Gold catalyzed cyclohexane oxidation

In 2004, Suo and co-workers were the first to report on the use of gold nanoparticles
supported on ZSM-5 and MCM-41 as catalysts for the selective oxidation of cyclohexane
with molecular oxygen under autoxidation conditions.[96, 97] Because of the highly promising
results of this pioneering work, many research papers followed that described similar and
improved results for different gold-based catalyst systems. Table 1.1 gives an overview over
the best reported results obtained over gold catalysts. All published results were obtained
in a sealed batch reactor system and therefore the time resolved evolution of the product
distribution received only minor attention so far. In that regard, these aspects of the selective
cyclohexane oxidation reaction over supported gold catalysts will be further examined in
Chapter 4.

1.5

Selective Oxidation of Methane

Although the world’s fossil fuel reserves are inevitably running out at some point in the
future, large amounts of natural gas that are not exploited yet, are still available. Moreover, the
proven natural gas reserves have grown over the last decades faster than the proven oil reserves
as shown in Figure 1.5 and this situation is anticipated to continue like that.[110] The global
reserves-to-production (R/P) ratio was increased in 2010 to 62.8 years.[111] Unfortunately,
there are some major problems associated with the exploitation of these natural gas reserves.

Figure 1.5. Proven world oil and gas reserves in the period 1970-1995 in billion barrels of oil equivalents.
Reproduced from [110].

1.5.1

Methane reforming

Reforming into a mixture of CO and H2 (synthesis gas or syngas) is probably the most
‘popular’ method for methane conversion other than total combustion. Reforming can either
be accomplished dry with CO2, with steam, or autothermally.[116-119] The reaction equations
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and standard reaction enthalpy values are given in Table 1.2. The main disadvantage of the
reforming processes is that the reactions are highly endothermic so an extra energy supply to
the reaction is needed. This can be obtained by adding oxygen to the feed and combine steam
reforming with partial combustion into an autothermal process. The syngas routes are highly
efficient (~ 80 % of the thermodynamic maximum efficiency[120] is practically achieved)
however, the reforming processes are run at high temperatures of 700-950 °C, which makes
them capital intensive and only feasible at large scale.[121-123] Therefore, especially for on-site
applications, a direct conversion route surpassing the costly syngas step, is desired.
1.5.2

Oxidative coupling

One possible direct methane conversion route that is extensively researched is the
oxidative coupling of methane.[124-127] At high temperature, methane reacts over a catalyst via
the formation of methyl radicals to form ethane and water. The formed ethane undergoes
an in-situ dehydrogenation to ethene and additionally some higher hydrocarbons might be
formed.[128-130] Oxidative coupling generally takes place at 650-880 °C. The formation of COx
is undesirable because it beholds a loss of the carbon source. Moreover, dissipation of the heat
of the highly exothermal formation of CO2 would cause major engineering problems. In this
regard, researchers aim for high ethene selectivity (> 90 %) at moderate methane conversions
(40 %). However, this has not been achieved yet and oxidative coupling has not been applied
commercially.
Table 1.2. Different routes for methane conversion into syngas and corresponding reaction enthalpy.

ΔH°298
(kJ.mol-1)

Process
Steam reforming
CH4 + H2O  CO + 3 H2
CO + H2O  CO2 + H2

206
-41

CH4 + CO2  2 CO + 2 H2
Autothermal reforming
CH4 + 1.5 O2  CO + 2 H2O
CH4 + H2O  CO + 3 H2
CO + H2O  CO2 + H2
Catalytic partial oxidation

247

CO2 reforming

CH4 + ½ O2  CO + 2 H2

1.5.3

-520
206
-41
-38

Selective oxidation to methanol

A highly promising method for the exploitation of methane reserves would be the direct
conversion into methanol. However, the methods reported in literature are still far from
being feasible.[115, 122] High selectivities (80 %) have been reported, but due to the very low
conversion, the total yield would not exceed 7 %.[131] The key factor in this route is to protect
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the formed methanol from overoxidation. Therefore, much of the research has focussed on
conversion routes based on the formation of methyl esters as for example in the form of
methylbisulphate.[132, 133] Such methods have been reported and are promising, however, it
must be noted that large amounts of sulphuric acid or SO3 are consumed (2 moles of SO3 per
mole of produced MeOH), which adds significant to the process costs. A highly active catalyst
system for this reaction was reported by Periana et al. in 1998.[134] Using a homogeneous
platinum-bipyrimidine complex, turn-over numbers of ~300 at 81 % selectivity towards
methanol were achieved.[134] In 2010, Palkovits et al. were the first to report on a solid catalyst
system reaching superior activity as compared to the Periana system.[135] Although catalyst
stability was still a concern, the development of solid catalyst systems for the direct oxidation
of methane to methanol seems feasible. However, a direct catalytic oxidation route using
molecular oxygen instead of SO3 would significantly reduce the costs and waste production
and thus would be preferred. The potential of supported gold catalysts for the selective
oxidation of methane is explored in Chapter 5.

1.6

Selective Epoxidation of Olefins

Epoxides are an important and valuable class of raw materials and intermediates for
the chemical industry. For example, epoxides form the feedstock in the production of homoand copolymers as polyethers, polyols, polyurethanes and polycarbonates. But also in fine
chemistry, epoxides are used in the production of pharmaceuticals, perfumery, plasticizers,
epoxy resins, pesticides, etc.[8, 136] For example, cyclohexene oxide can be converted
enantioselectively in chiral 1,2-aminocyclohexanol or 1,2‑diaminocyclohexane, which are
versatile building blocks for the preparation of natural and synthetic biologically active
molecules.[137, 138] With an annual production of over 6 million metric ton, propene oxide (PO)
is one of the most important industrial epoxides. The vast majority of the PO production,
60–70 %, is used for the production of polyether polyols. Another 20 % is hydrolyzed into
propylene glycol, which is widely used in pharmaceutics and cosmetics and is also known as
food additive E1520.[139]
1.6.1

Commercially applied epoxidation processes

Industrially, epoxides are produced from olefins through a chlorohydrin (Dow) or
hydroperoxide process (Shell, Lyondell, Sumitomo and Repsol), which both have their
drawbacks.[140] The chlorohydrin process consumes large amounts of chlorine and therefore

Figure 1.6. Shell’s ethylbenzene hydroperoxide SM-PO process.
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needs the production of chlorine in the vicinity of the epoxidation plant, or runs through a large
scale integrated chlorine production/ epoxidation process. In addition, waste chloride salts and
toxic chlorinated by-products are produced in the process.[141] The complicated hydroperoxide
method developed by Halcon Corp. and Atlantic Richfield Oil Corp. (later ARCO), which
is commercially practiced in various forms, demands heavy capital investments. These
processes either use ethylbenzene hydroperoxide or tertiary-butyl hydroperoxide (TBHP) for
the epoxidation of propene to PO. An overview of Shell’s propylene epoxidation process is
illustrated in Figure 1.6. The main drawback of such a process is that it co-produces a styrene
monomer (SM-PO process) or isobutene molecule (PO-TBA process) in a ratio of respectively
2.5 and 2.1 ton/ton PO. The price of the co-products is severely affected by the market, which
makes it questionable whether the process is feasible under all conditions.[140, 142]
Recently Sumitomo Chemical Company developed a new PO-only production route in
which cumene hydroperoxide is used as oxidizing agent. A scheme of this process is shown
in Figure 1.7. The co-produced α,α-dimethyl-benzylalcohol can be efficiently recycled via
a hydrogenation and subsequent oxidation step into the hydroperoxide, thus producing only
PO.[23, 142] The Dow/BASF process employs hydrogen peroxide in combination with a TS-1
catalyst to produce PO, yielding water as the only by-product. The hydrogen peroxide can
be catalytically made from the reaction of hydrogen and oxygen, or can be formed from the
oxidation of 2-alkylanthrahydroquinone.[143]

Figure 1.7. Sumitomo Chemical’s cumene hydroperoxide PO process.

In the past decades, the use of hydrogen peroxide as a clean and cheap oxidant for
the epoxidation of olefins has been extensively investigated.[17, 136] Although H2O2 is a very
suitable oxidant for this application because of its low price and environmental benignity,
the high polarity demands for the use of suitable solvents to overcome solubility problems
of the generally apolar olefins.[144-148] For obvious reasons, a solvent-free system is much
more attractive from an industrial point of view. Nevertheless, Li and co-workers reported in
2001 on reaction-controlled phase transfer catalysis for propylene epoxidation with H2O2,[149]
which has been commercialized for the epoxidation of cyclohexene in China since 2003.[150]
It is considered an environmental friendly process compared to the traditional chlorohydrin
method.
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1.6.2

Epoxidation catalysts

Epoxidation activity has been reported for early transition metals in their highest
oxidation state, e.g. Ti4+, V5+, W6+, Mo6+, and Re7+ as well as (mainly homogeneous) catalysts
containing transition metal ions such as Fe, Mn and Cr.[8] Also supported gold catalysts
have been reported to selectively catalyze olefin epoxidations with hydrogen peroxide and
alkylperoxides.[32, 151] An established epoxidation catalyst comprises a class of titano-silicates
including molecular sieves TS-1, TS-2 and Ti-BEA and titanium supported on mesoporous
amorphous silica.[7, 92, 152-154] Although these catalysts show great performance in epoxidation
reactions, when used in an aqueous system, the active Ti-species readily leach out of the silica
matrix causing loss of activity.[155-158]
The role of isolated Ti4+ sites in Ti/SiO2 based catalyst systems, has been subject of
extensive research during the last decades.[8, 153, 159] Many authors have regarded the formation
of reactive titanium-peroxo (Ti-OO), hydroperoxo (Ti-OOH) or superoxo (Ti-O2-•) species
in several conformations as intermediates in epoxidation reactions with hydrogen peroxide
and TBHP.[159-166] However, the exact nature of the reactive intermediate species is still under
debate. Figure 1.8 gives an overview of the different reactive Ti-oxo species that have been
reported to possibly play a role in olefin epoxidation with hydroperoxides.

Figure 1.8. Proposed reactive Ti4+-oxo species in epoxidation reactions. ROH represents a protic solvent
molecule, which is often considered to contribute in titanium-oxo complex formation.[8, 159]

1.8

Scope and Outline of this PhD Thesis

The scope of this PhD thesis is to contribute to the development and fundamental
understanding of new catalytic routes for the selective oxidation of hydrocarbons with
molecular oxygen.
In Part I of this thesis we report on the selective gas phase oxidation of methanol for the
production of H2, containing low concentrations of CO, for fuel cell applications. Chapter 2
describes the influence of the addition of alkaline-earth metal or lanthanum oxide to an alumina
supported gold catalyst on the performances. Promoting the gold-based catalysts significantly
increased the H2 yield while reducing the formation of by-products. There was no significant
influence on the activity observed. Superior results in terms of H2 yield were obtained with
gold nanoparticles directly supported on a low surface area lanthanum oxide. In Chapter 3
we have investigated the promotion effect of lanthanum oxide on the gold-alumina catalyst
by means of in-situ XAFS spectroscopy. A theoretical basis for the observation with XANES
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is provided by FEFF8 simulations of the XANES spectra of gold clusters with different
adsorbates. A systematic DSC study into the decomposition behaviour of the precipitated
oxidic gold precursors revealed a significantly higher heat of reaction for the lanthanum
oxide supported gold particles as compared to the alumina supported catalyst. The difference
in catalytic behaviour is explained by a difference in redox capacity of the supported gold
particles. It is shown by XANES and DSC that the lanthanum oxide has a stabilizing effect on
the fully reduced gold nanoparticles, thus limiting reoxidation during catalysis.
Part II deals with the selective oxidation of alkanes with molecular oxygen over supported
gold catalysts. In Chapter 4 the selective aerobic oxidation of cyclohexane to KA-oil in the
liquid phase over gold-based catalysts is described. Typical gold catalysts were synthesized,
characterized and subjected to catalytic performance tests. The results are compared to the
results already reported in the open literature and the related industrially applied benchmarks.
The aim is to get a better mechanistic understanding of the oxidation reaction and to explain
the unique properties of gold catalysts. We report on proof for the existence of a radical-chain
mechanism similar to the autoxidation mechanism that drives the reaction under the applied
conditions. This reaction mechanism inevitably leads to a loss of selectivity with increasing
conversion. It is explained how inadequate experimental procedures could have caused the
misleadingly high selectivities currently reported in the open literature.
In Chapter 5 we report on an attempt to find proof for the ability of supported gold
catalysts to selectively oxidize alkanes at low temperatures by studying the selective gas
phase oxidation of methane to methanol. In line with the results on cyclohexane oxidation,
we found no evidence of selective C-H bond activation over the gold catalysts. Our findings
described in Part II cast doubts on the applicability of gold catalysts for selective alkane
oxidation reactions.
Part III of this thesis introduces a catalytic route to potentially double the yield of
valuable products from an industrial cyclohexane oxidation process. In Chapter 6 it is
shown that cyclohexyl hydroperoxide from an industrial cyclohexane oxidate can be used
as sacrificial oxidant in the epoxidation of cyclohexene over a titanium-silica based catalyst.
Several process parameters are investigated and optimized. It was found that by tuning the
olefin/ hydroperoxide ratio and/ or the surface hydrophobicity of the catalyst the overall yield
of the process can be increased. The catalyst was foudn to be stable against leaching and
deactivation. Chapter 7 comprises a mechanistic study into the epoxidation of cyclohexane
with cyclohexyl hydroperoxide. Cyclohexyl hydroperoxide is converted via two competing
mechanisms. Side reactions, which the hydroperoxide and reaction products undergo, are
identified and the role of the catalyst is evaluated.
Chapter 8 concludes with a summary of the key findings of the different chapters.
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Selective Methanol Oxidation over
Supported Gold Catalysts

Chapter 2

Selective Oxidation of Methanol to
Hydrogen over Gold Catalysts Promoted by
Alkaline‑Earth Metal and Lanthanum Oxides*

Abstract

The partial oxidation of methanol for the production of CO-free hydrogen was investigated
over a series of alumina supported gold catalysts. It was found that the addition of alkalineearth metal oxide promoters yields a significant improvement of the catalytic performance.
Methanol conversion was around 85 % over all catalyst materials under study. However,
the hydrogen selectivity increased from 15 to 51 % going from the unpromoted to a BaO
promoted catalyst. The formation of the undesired by-products, namely CO, methane and
dimethyl ether, was largely reduced as well. The observed trend in catalyst performance
follows the trend in increasing basicity of the promoter oxides under study, indicating a
chemical effect of the promoter material. Superior catalytic performance in terms of H2 and
CO selectivities was obtained with a Au/La2O3 catalyst. Hydrogen selectivity reached 80 %
with only 2 % of CO formation at 300 °C and displayed stable performance over at least 24 h
on stream. Furthermore, the formation of CO was found to be independent of the oxygen
feed concentration. The commercial lanthanum oxide used has a low specific surface area,
which led to the formation of relatively large gold particles. Therefore, an enhanced catalytic
activity could be obtained by decreasing the gold particle size by deposition on high surface
area alumina supported lanthanum oxide.
* Based on: B. P. C. Hereijgers and B. M. Weckhuysen, ‘Selective Oxidation of Methanol to Hydrogen
over Gold Catalysts Promoted by Alkaline-Earth-Metal and Lanthanum Oxides’, ChemSusChem 2
(2009) 743 - 748.
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2.1

Introduction

Proton exchange membrane fuel cell systems using hydrogen are a potential alternative
for the use of combustion engines in automotive vehicles.[1] However, on-board H2 storage
still has some major challenges to overcome. There are in principle two ways for supplying H2
to automotive vehicles. One is based on hydrogen-storage technologies, the second potential
solution is on-board H2 generation from light hydrocarbons.[2] For the latter option, methanol
is a preferred H2 source because of its high hydrogen content (12 wt%) and its easy storage and
handling compared to e.g. air-sensitive metal hydrides and compressed or liquid H2. The fact
that currently there is a surplus of methanol on the market makes this technology of interest for
on-site small-scale H2 consuming devices as well. The several routes for H2 generation from
methanol, e.g. methanol decomposition (eq. 2.1),[3] steam reforming (eq. 2.2),[4] and partial
oxidation of methanol (eq. 2.3)[5] are extensively studied. A fourth route of H2 production from
methanol, which has received major attention during the last decade, involves the combination
of partial oxidation and steam reforming to an autothermal reforming process (eq. 2.4).[6-8]
CH3OH  CO + 2 H2						

(eq. 2.1)

CH3OH + H2O  CO2 + 3 H2						

(eq. 2.2)

CH3OH + ½ O2  CO2 + 2 H2						

(eq. 2.3)

CH3OH + (1-2n) H2O + n O2  CO2 + (3-2n) H2

(eq. 2.4)

(0 < n < 0.5)

Partial oxidation of methanol (POM) in the absence of steam offers the advantage that it
uses air as oxidant instead of steam. In other words, no on-board steam generator and water
reservoir are needed. Besides that, POM is an exothermic reaction, thus requires no heat
supply. One drawback in the partial oxidation of methanol is the formation of CO, which
already poisons the fuel cell platinum anode when present in concentrations of 20-100 ppm.
[2]
H2 production from methanol with very low CO selectivity therefore is the challenge in
this field of research. Pd- and Cu-based catalysts are regarded as suitable for this reaction.
However, large quantities of CO (5-20 %) are obtained and Cu catalysts suffer from rapid
sintering at temperatures above 300 °C.[5, 9, 10] Au-based catalysts, known for their activity in
CO oxidation[11, 12] and a variety of other low temperature oxidation reactions,[13] have been
proven to be effective for this reaction as well, reducing CO formation significantly at low
temperatures.[14-16]
In this chapter we show that promotion with alkaline-earth metal and lanthanum oxides
has a large beneficial effect on both activity and selectivity of Al2O3 supported gold catalysts
in the partial oxidation of methanol for the production of H2.

2.2		
2.2.1

Experimental

Catalyst preparation

Promoted support materials MOx-Al2O3(M = Mg, Ca, Sr, Ba, La and Zn) were prepared
via the incipient wetness impregnation (IWI) of an aqueous solution, containing the required

28

Selective Oxidation of Methanol to Hydrogen

amount of metal nitrate to achieve a M/Au molar ratio of 5, on γ-Al2O3 powder (Engelhard,
SBET = 230 m2.g-1, pore volume = 0.76 ml.g-1). The support materials containing the metal
precursor were dried overnight and calcined at 700 °C for 6 h. Gold was deposited on the
support by deposition precipitation. The powdered support material was dispersed in 50 mL
demi-water and the pH was adjusted to 9.5 with diluted NH4OH (aq) (Merck, 25 %). The
HAuCl4 (35 wt% in dilute HCl, Sigma Aldrich, 99.99 % trace metal basis) solution containing
the exact amount of gold to achieve a 1 wt% loading, was diluted with 30 mL water and added
drop wise to the support slurry, while maintaining a constant pH. After addition, the slurry
was stirred for another 30 min, filtered and washed with demi-water until no Cl- was detected
anymore with a AgNO3 (aq) solution. The catalysts were dried at 60 °C overnight and calcined
at 200 °C for 4 h (temperature program: RT  120 °C, 3 °C.min-1 2 h,  200 °C, 2 °C.min‑1,
4 h).[17] For the Au/La2O3 catalyst, lanthanum oxide (Merck, 99.9 %, SBET ~1 m2.g‑1) was used.
2.2.2

Catalyst characterization

The gold and promoter loading have been verified by X-Ray Fluorescence (XRF) using
a Spectro X-Lab 2000 apparatus. X-Ray Diffraction (XRD) has been performed on a Bruker
AXS Advance D8 apparatus using CoKα radiation (λ = 1.78897 Å), operating at 45 kV and
30 mA. Transmission Electron Microscopy (TEM) and Scanning Transmission Electron
Microscopy (STEM) micrographs were obtained on a Tecnai 20 microscope operating at
200 kV, equipped with an energy dispersive X-ray (EDX) detector and high-angle annular
darkfield (HAADF) detector. Mentioned particle sizes are averaged over at least 190 particles
per catalyst.
The Extended X-ray Absorption Fine Structure (EXAFS) measurements on the Au
LIII edge were performed at station BM26A of the ESRF (Grenoble, France), operating at 6
GeV with a typical ring current between 150 and 250 mA. The station was equipped with a
Si(111) double crystal monochromator and two vertically focusing Pt and Si-coated mirrors
for harmonic rejection. X-ray absorption spectra were recorded in fluorescence mode using a
nine-element monolithic germanium fluorescence detector. In a typical experiment, ~100 mg
sample was pressed into a self supporting waver and mounted into a specialized environmental
cell for XAFS measurements. EXAFS spectra of the fresh and spent catalysts were recorded at
120 °C in He atmosphere before and after POM reaction at 300 °C for several hours. To increase
the signal to noise ratio multiple spectra were recorded, 3 for alumina supported catalyst and
11 in the case of the lanthanum oxide supported catalyst. A 6 μm Ca-filter was used in front
of the detector to minimize the detection of barium and lanthanum Lα and Lβ fluorescence
radiation. XAFS data were evaluated using the IFEFFIT software package programs Athena
(raw data conversion, normalization and background subtraction to extract the EXAFS from
the spectra) and Artemis (to perform a least-squares fitting of the experimental data).[18, 19] An
amplitude reduction factor (S02) of 0.85 was obtained from fitting the experimental spectrum
of a gold foil with fixed coordination numbers and used to extract coordination numbers for
the gold nanoparticles. Multiple scattering contributions were considered, but found to pay a
negligible contribution in the first shell fit and thus ignored.
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2.2.3

Catalytic activity

Catalytic activity tests were carried out in a quartz fixed bed reactor (i.d. = 8 mm) in a
programmable furnace. Typically, 100 mg catalyst, ground and sieved to 212-500 μm size
fraction, was used. The total gas feed flow (50 ml.min-1) was controlled by Brooks mass flow
controllers and contained 10 vol% methanol and maximum 6 vol% oxygen in helium (diluent)
to operate outside the flammability range (see Appendix). The methanol weight hourly space
velocity (WMHSV) of 3.9 h‑1 was obtained by flowing helium through a methanol saturator.
The product stream was analyzed online using a double channel Interscience CompactGC
equipped with porabond Q and 5MS molsieve columns both in line with a thermal conductivity
detector (TCD). Prior to testing, the commercial-like Cu/ZnO catalyst by BASF was reduced
in-situ in 5 % H2/He flow at 200 °C (T ramp = 5 °C.min-1) for 30 min and subsequently in a
20 % H2/ He flow for 30 min. Product selectivity was defined as the product formation (mol.
min-1) divided by the methanol conversion (mol.min-1) corrected for reaction stoichiometry.

2.3		
2.3.1

Results

Catalyst characterization

Table 2.1 gives an overview of the different Au-based catalyst materials under
investigation, including the Au loading, the promoter: Au atomic ratio and the average Au
particle sizes. The Au and promoter loading have been verified by X-ray Fluorescence (XRF)
and the Au-loading was found to be in the range 0.7–1.0 wt%, whereas the typical atomic
ratio of promoter to gold was 4–7. For all γ-Al2O3 supported catalysts, the promoter oxide was
highly dispersed over the support as was indicated by the absence of any X-ray diffraction
(XRD) lines besides those related to γ‑Al2O3.[20] Only in the case of a AuSrO/Al2O3 catalyst, a
crystalline SrCO3 phase could be observed. All catalyst materials under investigation obtained
an intense pink to purple colour after calcination, caused by light absorption by the surface
plasmon resonance, typical for metallic colloidal gold particles.[21]
Table 2.1. Overview of the structural properties of the Au-based catalyst materials under investigation,
including Au and promoter loading and average particle size (M = promoter element; n.a. = not
applicable)

Catalyst
Au/Al2O3
AuMgO/Al2O3
AuCaO/Al2O3
AuSrO/Al2O3
AuBaO/Al2O3
AuLa2O3/Al2O3
Au/La2O3
Au40La/Al2O3

Au loadinga
(wt%)
0.81
0.95
0.85
0.96
0.77
0.76
0.71
n.a.

M/Au ratioa
n.a.
7.7
n.a.
4.7
5.1
4.1
n.a.
n.a.

Au particle size, (σ)
b
(nm)
2.4 (0.68)
2.3 (0.7)
2.3 (0.9)
2.0 (1.0)
2.0 (0.70)
2.1 (0.89)
3.1 (1.4)
1.8 (0.94)

As determined by XRF.
Average particle size and standard deviation as determined from TEM. The average number represents
at least 190 particles.
[a]

[b]
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Figure 2.1. STEM-HAAFD micrographs and particle size distributions of Au/Al2O3 (I) and
AuBaO/Al2O3 (II) and TEM micrographs and particle size distributions of Au/La2O3 (III) and
Au40La/Al2O3 (IV). Particle size distribution fractions are number weighted and represent at least 190
particles per catalyst material measured from different micrographs.
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The Au particle size distribution was determined with (Scanning) Transmission Electron
Microscopy (STEM). Micrographs and particle distributions of the catalyst materials
are presented in Figure 2.1 It was found that for all γ‑Al2O3 supported catalysts, Au was
deposited in homogeneously dispersed particles with a number weighted average diameter
(Dav) of 2-2.5 nm (σ = 0.9 nm). On a La2O3 support Au formed relatively large particles
(Dav = 3.1 nm) with a broader distribution (σ = 1.4 nm). This is the direct consequence of the
low specific surface area of La2O3 (~ 1 m2/g), physically restricting a higher Au dispersion.
Detailed TEM analysis also confirmed that the promoter elements were highly dispersed over
the support material. From Energy Dispersive X-ray (EDX) analysis it was found that Au and
promoter element were closely associated in all catalyst materials as illustrated in Figure 2.2
for AuBaO/Al2O3.

Figure 2.2; EDX spectrum of AuBaO/Al2O3. The Cu signal is caused by the grid.

2.3.2

EXAFS analysis

When performing TEM analysis on supported catalysts, one should keep in mind that
information on the particle size distribution is obtained only on a very small spatial scale.
Contrary to TEM, a technique like EXAFS offers the possibility to obtain information from
the whole sample bed, in our case typically 10-50 mg catalyst. In addition, EXAFS is able to
probe all gold atoms in the sample and therefore is sensitive for sub-nanometre Au clusters
and even atomically dispersed gold, which both remain invisible with TEM.[22] On the other
hand, being a volume sensitive technique, larger particles have a relatively big influence on
the EXAFS spectrum as they contain a large number of atoms. In other words, relatively few
large particles might dominate the information obtained from the EXAFS. When dealing with
a narrow particle size distribution, as is often easily obtained with noble metals, EXAFS is a
powerful technique to obtain information on the average particle size. On the downside there
is the fact that when extracting metal coordination numbers from the EXAFS spectrum, no
change in the first coordination shell will be observed when dealing with particles larger than
~ 5 nm in diameter, since those already are observed as bulk (N1 = 12).[23]
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Table 2.2. EXAFS fit parameters of the different alumina supported gold-catalysts compared with a
Au‑foil. (k3; Δk = 2.4 – 9.5 Δr = 1.7 – 3.5 Å-1 ; n.a. = not available).

Catalyst

Au foil
Au/Al2O3
Fresh
Spent
AuBaO/Al2O3
Fresh
Spenta
AuLa2O3/Al2O3
Fresh
Spent
Au/La2O3
Fresh
Spent

RAu-Au

N1
(± 10 %)
12

DebyeWaller
(σ2 )
0.0079

(Å)
2.87

E0
(eV)
2.75

Particle
size
(Å)
-

2.78
2.80

5.9
8.1

0.013
0.012

1.28
2.82

7
13

2.75
2.77

5.0
6.1

0.010
0.012

1.60
2.53

5
7

2.76
2.76

6.0
5.8

0.012
0.011

1.75
2.04

7
7

2.78
n.a.

6.2

0.0097

1.8

8

The data was suffering from strong Ba L fluorescence, resulting in noisy data and a relative large error
for this measurement. Due to correlation problems the Debye-Waller factor was constrained during
fitting.

a

The catalyst materials under study were subjected to EXAFS measurements, the
numerical results of the fits are summarized in Table 2.2. Figure 2.3 shows the phase corrected
Fourier-transformed (FT) EXAFS spectra and theoretical fits of some of the fresh gold-based
catalysts under study. From Figure 2.3, it is clearly visible that the magnitude for the three
alumina supported catalysts is comparable and smaller when compared to the Au/La2O3
catalyst. The amplitude of the FT EXAFS function is directly related to the coordination
number (N) and therefore a measure of the particle size. This suggests indeed the formation
of slightly larger gold particles on the lanthanum oxide supported catalyst. Also the fit results
yielded a slightly larger average particle size. Besides the first shell coordination number (N1)
the shortening of the Au-Au bond distance is also a good indirect indication of the particle size,
as was shown by Miller et al.[23] It is remarkable that the particle size estimated from EXAFS
is typically 5-15 Å smaller than the one determined from TEM micrographs. As stated before,
this most likely is the effect of the contribution of sub-nanometre gold particles, which remain
invisible in TEM. This mismatch between EXAFS and TEM particle size estimations has
been reported before for supported gold nanoparticles.[24] When looking at the spent catalysts
(2 h at 300 °C in POM) it seems that the Au/Al2O3 catalyst was subject to sintering of the
particles, leading to a particle size increase of ~ 30 %. The addition of La2O3 seems to have a
stabilizing effect, since no significant change in N1 and the Au-Au bond distance is observed,
which is in agreement with results published earlier.[25]
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Figure 2.3. Phase corrected k3-weighted Fourier-transformed EXAFS spectra and the least squares first
shell fits of fresh catalyst materials Au/Al2O3 (I), AuBaO/Al2O3 (II), AuLa2O3/Al2O3 (III), and Au/La2O3
(IV). Experimental FT-spectrum (black) and fit: imaginary part (green) and magnitude (red).

2.3.3

Catalytic performance

The catalytic activity of the basic metal oxide promoted Au-based catalyst materials has
been studied for the partial oxidation of methanol to produce H2. In temperature programmed
reaction experiments, the offset for methanol combustion with CO2 and H2O as the only
products, lay for all catalysts around 50 °C. Besides the main products as discussed below, also
trace amounts of formaldehyde (<< 1 %) were observed. Figure 2.4 shows as an example the
temperature dependency of the catalytic conversion and selectivity profiles for the Au/Al2O3
and AuBaO/Al2O3 catalysts in the range 175 °C to 375 °C. The unpromoted Au/Al2O3 (Figure
2.4 I) catalyst formed H2 starting from 150 °C and reached a selectivity (SH2) of 22 % at
350 °C. Simultaneously, CO formation (SCO) increased at the expense of CO2, reaching 21 %
selectivity at 350 °C. Due to the shift towards CO and H2 production, the methanol conversion
could increase to 87 % at 350 °C. Significant CH4 formation (10 % at 350 °C) was also
observed. At increasing reaction temperature the dehydration of methanol to dimethyl ether
(DME) over acidic alumina sites became more important reaching a maximum at 275 °C.[26, 27]
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Figure 2.4. Temperature programmed partial oxidation of methanol over Au/Al2O3 (I) and
AuBaO/Al2O3 (II) catalysts. The conversion and selectivity patterns represent: CMeOH (►), SH2(◆),
SCO2 (▲), SCO (●), SCH4 (+) and SDME (╳). The heating rate was 3 °C/min.

On addition of an alkaline-earth metal oxide promoter element the selectivity of the
catalyst material is greatly enhanced, although methanol conversion showed a comparable
temperature profile. For AuBaO/Al2O3 (Figure 2.4 II), the H2 selectivity is largely increased,
reaching 69 % at 350 °C and SCO and SCH4 are reduced to 5.8 % and 5.7 % respectively.
Also the methanol dehydration reaction is largely reduced by the addition of a basic oxide.
Figure 2.5 summarizes the catalytic performances at 300 °C of the different materials under
investigation. It is observed that the trend in H2 selectivity follows the trend in basicity of the
alkaline-earth metal oxides, i.e. the selectivity increases in the order: unpromoted < MgO <
CaO < SrO < BaO ≈ La2O3 (Figure 2.5a-f).[28] The opposite trend is observed for the CO and
CH4 selectivities, which gradually decreased with increasing basicity.
Superior catalytic performance in terms of selectivity however, was obtained with La2O3based catalysts. At 300 °C, a AuLa2O3/Al2O3 catalyst established a catalytic performance
comparable to a AuBaO/Al2O3 catalyst. However, when using a Au/La2O3 catalyst, SH2
increased to 80 % with a CO selectivity as low as 2.1 % (Figure 2.5g). It was observed that

Figure 2.5. Catalytic activity and selectivity in partial oxidation of methanol over Au/Al2O3 (a),
AuMOx/Al2O3 (M = Ca (b), Mg (c), Sr (d), Ba (e), La (f)), Au/La2O3 (g), AuZnO/Al2O3 (h) and
commercial-like Cu/ZnO (i) catalysts. Selectivity patterns: CMeOH (white), SH2 (red), SCO (green) and SCH4
(blue). The activity was measured after 10 min on stream except (d), which has been derived from the
TPR data. Reaction temperature was 300 °C except for (i) which was performed at 210 °C.
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the Au/La2O3 catalyst reached a lower methanol conversion (54 %) compared to the Al2O3
supported catalysts. This can be ascribed to the relatively large gold particles of Au/La2O3 as
was found from TEM analysis, which are known to be less catalytically active.[29] Also the
tendency of the Al2O3‑based catalysts to catalyze the dehydration of methanol, which is not
observed for Au/La2O3, contributes to a higher methanol conversion.[26]
In order to compare our results with those obtained by Chang et al. on a AuZnO/Al2O3
catalyst,[14] this material was prepared and subjected to catalytic testing. The results are
summarized in Figure 2.5h. It was found that this catalyst exhibited similar H2 selectivity
as a AuCaO/Al2O3 catalyst. However, all the alkaline-earth metal oxide promoted catalysts
exhibited better performance compared to the ZnO-promoted material in terms of CO
selectivity. In addition, we have benchmarked our results to those obtained on a commerciallike Cu/ZnO catalyst. From Figure 2.5i it can be concluded that, although at a lower reaction
temperature of 210 °C, high methanol conversion (85 %) and H2 selectivity (98 %) were
achieved, the CO selectivity was in the range of 12-15 %. The activity was monitored for 2.5 h
on stream and was found to remain stable.
The stability of the catalyst materials has been evaluated in long-run experiments at
constant temperature and the results for Au/La2O3 are displayed in Figure 2.6. It was observed
that after an equilibration period of around 20 min, Au/La2O3 shows great stability over a
period of 24 h, showing stable methanol conversion of 55 % and CO selectivity of 2 %. The
initial H2 selectivity was 82 %, which decreased over 8 h on stream to 67 % in favour of water
formation and subsequently stabilized for at least 16 more hours. As in the above described
temperature programmed reaction experiments no DME formation and only trace amounts of
methane and formaldehyde (<< 1 %) were observed.
In Figure 2.7 the influence of the O2 feed concentration on the catalytic performance
during temperature programmed reaction experiments is presented. It is observed that when
the O2/ MeOH ratio is decreased from 0.6 to 0.3, SH2 increased from 67 % to 82 % at 300 °C.
Naturally, decreasing the O2 concentration in the feed led to a decrease of the methanol
conversion. Remarkable is that this did not affect the CO formation, as was reported in
literature for e.g. a Au-Ru/Fe2O3 catalyst.[30]

Figure 2.6. Catalyst stability of the Au/La2O3 catalyst with time on stream at 300 °C. CMeOH (a), SCO2 (b),
SH2 (c) and SCO (d). O2/ MeOH ratio was 0.5.
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In an attempt to increase the La2O3 surface area, 40 wt% La2O3 was deposited on γ-Al2O3
on which Au nanoparticles were deposited. This led, as expected, to a decrease in the average Au
particle size and a narrowing of the size distribution (Table 1 and Figure 2.2 IV). Consequently,
the catalytic performance was enhanced, resulting in a shift of conversion/ selectivity profiles
to 40 °C lower temperature at O2/ MeOH ratio of 0.5 as is observed from the catalytic test
results in Figure 2.7. Performing this reaction at 250 °C has the beneficial effect that CO
selectivity is decreased to 1.0 %, while a SH2 of 71 % is maintained. This is a direct effect of
the smaller average gold particle diameter on the Au40La/Al2O3catalyst and confirms that the
Au particle size plays an important role in the catalyst activity.

Figure 2.7. Influence of the oxygen/methanol feed ratio on the partial oxidation of methanol over a
Au/La2O3 catalyst material: O2/ MeOH = 0.3 (●), 0.5 (■) and 0.6 (▲). Results are compared with the
performance of a Au40La/Al2O3 (╬, ╳) catalyst material at O2/ MeOH = 0.5. The applied heating rate
was 3 °C/min.

2.4

Discussion

In this work we have investigated the influence of basic metal oxide promoter materials
on the catalytic performance of supported Au catalysts in the POM reaction. Besides an effect
of the particle size as observed in the activities of the Au/La2O3 and Au40La/Al2O3 catalyst
materials, we observed that the chemical nature of the support or promoter material has a
large influence on the selectivity of gold catalyst materials as well. Taking the clear trend into
account, the observed enhanced selectivity can be partly ascribed to the surface basicity of the
catalyst. However, this does not yet clarify the superior performance of the Au/La2O3 catalyst
material, which exhibits a lower surface basicity compared to e.g. the AuBaO/Al2O3 catalyst.
[31]
Excellent catalytic performance of Au nanoparticles in partial oxidation of methanol is
often ascribed to a high reducibility of the (composite) support material.[30, 32] However, in
the case of alkaline-earth metal oxides and La2O3 promotion in combination with a γ-alumina
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support, which all are known to be non-reducible metal oxides, this cannot be the cause here.
[33, 34]
It is known from the field of catalytic destruction of chlorinated hydrocarbons over La2O3
that besides basic surface oxygen groups, the lanthanum ion itself displays strong Lewis acidic
properties.[31, 35, 36] This has been proven to be essential for stabilizing methoxy and formate
surface intermediates. Taking the large analogy between methanol and e.g. methylchloride into
account, this is likely to apply in the POM mechanism as well.[37] Additionally, in methanol
synthesis from syngas it has been reported that promotion of a Pd-catalyst with alkaline-earth
metal and lanthanum oxides has a large beneficial effect on the methanol formation. This was
ascribed to the ability of basic metal oxides to form surface formate species. As an amphoteric
oxide, lanthanum oxide is able to adsorb CO as surface formate species on the basic sites,
and activate it for hydrogenation to methanol on the neighbouring acidic sites.[31] A reverse
mechanism could apply here and explain the dramatic decrease in CO selectivity in the POM
reaction over a Au/La2O3 catalyst. However, further experiments are necessary to verify this
hypothesis. Recently, Yu et al. reported on the effect of promoting a Au/TiO2 catalyst with
La2O3, which resulted in an increased activity in CO oxidation. This was ascribed to the
facilitated formation of O- surface species on La-promoted TiO2. This as well can play a role
in the reduced CO selectivity in POM over Au/La2O3.[38] An interesting aspect of the POM
reaction over Au-based catalysts compared to Cu-based catalysts is the significant methane
formation, which is not observed at all for Cu systems. In this way, the oxidation mechanism
differs from the mechanism over Cu/ZnO, in which the C-O bond is not broken. The methane
formation either originates from atomic hydrogen reacting with methanol [14, 39] or from a
methanation reaction of CO or CO2 with H2 (eq. 2.5 and 2.6).[40] Methanation over noble metal
catalysts as a side reaction of the water gas shift (WGS) process is known to be suppressed on
addition of basic metal oxide promoters to the catalyst. Our results are exactly in line with the
results published for Rh, Pt and Pd-based WGS catalysts.[41]
CO + 3 H2  CH4 + H2O						

(eq. 2.5)

CO2 + 4 H2  CH4 + 2 H2O						

(eq. 2.6)

During the first hours on stream at 300 °C a loss in H2 selectivity over Au/La2O3 was
observed (Figure 2.6). From TEM particle size distribution analysis of the spent catalyst in
Figure 2.8 it seemed that there is a slight shift in the particle size distribution towards larger
particles. This shift is only minor in the number weighted distribution, but becomes more
apparent in the surface weighted distribution as presented in Figure 2.8 II. One should take
into account that the smallest particles (< 1 nm) remain invisible in TEM and therefore do
not contribute to this distribution. From the EXAFS analysis results of the catalysts before
and after reaction (Table 2.2), it appears that in case of the Au/Al2O3 catalyst some sintering
of the gold particles is taking place. When looking at the promoted catalyst, there seems to
be a stabilizing effect only for La2O3 promotion. The apparent particle growth during time
on stream might be a cause of the drop in selectivity in the first period on stream. However,
the results are not conclusive yet and a more thorough investigation of the deactivation
mechanism is clearly required.
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Figure 2.8. Number weighted (I) and surface weighted (II) gold particle size distribution of Au/La2O3
fresh (black) and spent (white) catalyst. The particle size distributions represent at least 200 particles
measured from different TEM micrographs.

2.5

Conclusions

The addition of alkaline-earth metal oxides to alumina supported Au catalyst materials
has a large beneficial influence on the selectivity towards H2 and CO2 in the partial oxidation
of methanol. The trend in the H2 selectivity follows the trend in increasing basicity of the
material. Supported Au nanoparticles on a commercial La2O3 support established a catalytic
performance superior to other prepared materials in terms of H2 formation promotion and CO
formation suppression. Concerning the clear trend of selectivity following support basicity
we can conclude that the promoting effect is chemical in nature, rather than structural. It
is proposed that the acid/ base properties of the support play a crucial role in directing the
reaction to the desired compounds and suppressing side reactions, like methanation and
dehydration. Furthermore, the Au/La2O3 catalyst materials showed stable performance for
at least 24 h on stream and the CO formation was found to be independent of the O2/CH3OH
ratio in the feed. Decreasing the Au particle size by increasing the La2O3 specific surface area
resulted in a decrease of the reaction temperature of ~ 40 °C. By comparing our catalytic
data to those of other catalyst materials reported in the open literature, we found that the
use of La2O3‑supported Au catalysts enables to perform the partial oxidation of methanol at
relative high temperatures, resulting in a high H2 selectivity without the dramatic increase
in CO formation as is often observed for other Au-based catalysts.[14, 32] Although CO-free
H2 generation has not yet been achieved the Au/La2O3-based catalyst can be regarded as a
promising material for H2 generation by partial oxidation of methanol.
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Chapter 3

Understanding the Promotion Effect of
Lanthanum Oxide on Gold-based Catalysts in
the Production of Hydrogen from Methanol by
in-situ XAFS and DSC studies*

Abstract

Promoting supported gold nanoparticles with lanthanum oxide largely increases the hydrogen
selectivity in the partial oxidation of methanol. In this study, the origin of the promotion effect
of lanthanum oxide on supported gold catalysts was investigated. The formation of small gold
nanoparticles on both the high surface area alumina and the low surface area lanthanum oxide
support materials was confirmed by TEM and EXAFS. In-situ X-ray absorption spectroscopy
during partial methanol oxidation revealed the formation of oxidized gold species on the
reduced Au/Al2O3 catalyst material, whereas La2O3 was found to facilitate the reduction of
initially present oxidic gold species. This was confirmed by a lower measured heat of reaction
for the exothermic decomposition of the oxidic gold species supported on lanthanum oxide
as was found by Differential Scanning Calorimetry. The catalysts under study did not show
significant differences in methanol oxidation activity however, the Au/Al2O3 catalyst exhibited
much higher activity in CO and H2 oxidation. These observed differences in catalytic activity
and selectivity of the Al2O3 and La2O3 supported Au catalysts are explained by the differences
in redox behaviour of the gold nanoparticles. It is proposed that zerovalent gold species limit
dissociative H2 adsorption during the partial oxidation of methanol and thus improve the H2
selectivity by reducing CH4 and H2O formation.
* Based on: B. P. C. Hereijgers, T. M. Eggenhuisen, K. P. de Jong, H. Talsma, A. M. J. van der Eerden,
A. M. Beale and B. M. Weckhuysen, ‘Understanding the Promotion Effect of Lanthanum Oxide on
Gold-based Catalysts in the Partial Oxidation of Methanol by in-situ XAFS and DSC studies’, Journal
of Physical Chemistry C, 115 (2011) 15545 - 15554.
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3.1

Introduction

Since the discovery that supported gold nanoparticles supported on oxidic support
materials display remarkable catalytic activity in hydrogenation[1], oxidation[2] and
hydrochlorination[3] reactions, many studies have been conducted into the properties of this
precious metal as a heterogeneous catalyst.[4-9] Although gold catalysts have been applied in
many catalytic processes, the vast majority of publications describe the use of supported goldbased catalysts in selective oxidation reaction, among which the low temperature oxidation of
CO received the most attention by far.
One reaction that is studied less extensive is the partial oxidation of methanol (POM) for
the production of H2 from methanol for fuel cell electrochemical combustion.[10-16] In essence,
H2 for automotive application can be supplied in two different manners. The first is based on
hydrogen storage technologies, i.e. in high pressure tanks, by cryogenic methods or bonded
in an inorganic matrix, which all have their advantages and challenges.[17] An alternative for
storage is the on-board generation of H2 from light, sustainable produced, hydrocarbons.[18]
For the latter option, methanol (MeOH) is a preferred source due to its wide availability
and consequent low price, the high H2 content of 12 wt% and the ease of applicability in
the present liquid petrol infrastructure. In addition to mobile applications, such hydrogen
‘storage’ method can be of interest for small, on-site, hydrogen consuming devices, especially
at remote locations, as well.
Besides POM, there are other routes for H2 generation from MeOH reported in literature,
e.g. methanol decomposition,[19] steam reforming,[20] and autothermal reforming.[21-23] The
obvious advantage POM offers over reforming processes is that it uses air as oxidant instead
of high energy demanding steam. In addition, POM is an exothermic reaction, so no heat
supply to the reaction is needed. The major challenge in POM is to reduce CO formation to a
minimum (< 10 ppm) in order to make the H2 applicable in a low temperature Proton Exchange
Membrane Fuel cell.[18] However, recent advances in fuel cell membrane technology led to the
development of membranes capable of operation at higher temperature, increasing the fuel
cell Pt anode’s resistance to higher CO concentrations.[24, 25] Supported gold catalysts have
shown the ability to produce H2 from MeOH with significantly lower CO content as compared
to e.g. Cu/ZnO based catalyst systems.[10-15]
In Chapter 2 we described that the selectivity of γ-Al2O3 supported gold catalysts in
partial oxidation of methanol (POM) for H2 production with very low CO content can be
largely improved by the addition of alkaline-earth metal and lanthanum oxides.[16] In the
current chapter the promotion effect of lanthanum oxide on the catalytic performance in
MeOH, CO and H2 oxidation is studied by in-situ X-ray Absorption Spectroscopy (XAS),
theoretical simulations of XAS spectra and Differential Scanning Calorimetry (DSC) together
with catalytic activity tests. To the best of our knowledge this is the first in-situ study into the
active catalytic site for POM on gold-based catalysts.
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3.2

Experimental Procedures

3.2.1

Catalyst preparation

Promoted catalyst materials were prepared by Incipient Wetness Impregnation of aqueous
Ba(NO3)2 (Fluka, 99 %) and La(NO3)3 (Alfa Aesar, 99 %) solutions containing the amount
of Ba and La to obtain a Au/M molar ratio of 5 on 2 g γ-Al2O3 (Engelhard, SBET = 230 m2.g-1,
pore volume = 0.76 mL.g-1). For the Au/La2O3 catalyst, lanthanum oxide (Merck 99.9 %,
SBET ~ 1 m2.g‑1) was used.
After impregnation of Ba(NO3)2 or La(NO3)3 the catalysts were dried at 60 °C overnight
and calcined in stagnant air at 700 °C for 6 h. Gold deposition was done following a deposition
precipitation procedure. The (promoted) support was dispersed in 50 mL deionized water and
the pH was adjusted to 9.5 with diluted aqueous NH4OH (Merck, 25 %). The amount of
HAuCl4 (35 wt% in dilute HCl, Sigma Aldrich, 99.99 % trace metal basis) to obtain a weight
loading of 1 wt% was diluted with 30 mL water and added drop wise to the support slurry,
while maintaining a constant pH of 9.5 by addition of NH4OH (aq). After addition, the slurry
was stirred for another 30 min and filtered, washed thoroughly with demi-water to remove
all chloride and dried at 60 °C. The samples were calcined at 200 °C in stagnant air for 4 h.
For the samples subject to DSC analysis an amount of HAuCl4 solution to obtain a Au weight
loading of 2.5 wt% was used for deposition precipitation. The samples were dried at room
temperature under N2 flow and no calcination treatment was applied.
3.2.2

Catalyst characterization

Diffuse Reflectance UV-Vis-NIR (DR) spectra were recorded on a Varian Cary 500
spectrophotometer using a white Halon standard for background subtraction. Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) analysis of the gold loading of
the uncalcined catalyst samples was performed by Mikroanalytische Laboratorium KOLBE
(Mülheim an der Ruhr, Germany). Prior to analysis the samples were dried at 20 °C under
vacuum.
The decomposition behaviour of the precipitated gold phase was studied by Differential
Scanning Calorimetry (DSC, TA Instruments Q2000). The temperature and heat flow were
calibrated using a certified indium sample.[26] Prior to analysis, 9-20 mg sample was dried
under dynamic vacuum overnight to remove physisorbed water. The aluminum sample pans
(TA Instruments Tzero hermetic pans/ lids) were subsequently brought into N2 atmosphere
and hermetically closed to prevent re-adsorption of atmospheric water. Just before analysis,
the lid of the sample pan was pierced several times to allow the evaporation of water evolving
from the sample. DSC was measured from 0 °C to 250 °C with a scanning rate of 2 °C.min-1 in
a N2 flow of 50 mL.min-1. Thermogravimetric Analysis (TGA, TA Instruments Q50) was done
from room temperature to 250 °C with the same rate in a N2 flow of 60 mL.min-1.
Extended X-ray Absorption Fine Structure (EXAFS) characterization and in-situ X-ray
Absorption Near Edge Structure (XANES) spectra of the Au LIII edge were recorded at the
Hasylab facility in Hamburg (Germany) at beamline X1. The Hasylab synchrotron operated
at 4.44 GeV and the ring current was between 140 and 80 mA. The monochromator double
Si(111) crystals were detuned to 70 % of the intensity to eliminate higher harmonics. Spectra
were measured in fluorescence mode using a 5-element germanium detector. An aluminum foil
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was placed between the sample and the detector to reduce La and Ba Lα and Lβ fluorescence
radiation. By placing a gold foil between the sample and a third ion-chamber detector, any
drift in the energy calibration of the beamline could be corrected for.
Typically ~ 100 mg sample was gently pressed into a self-supporting wafer and placed in
a stainless steel in-situcell designed for XAFS measurements. EXAFS spectra were recorded
at 120 °C in He flow. In-situ XANES spectra were recorded under POM conditions (10 vol%
MeOH and 5 vol% O2 in He) at 30.
XAFS data were evaluated using the IFEFFIT software package programs Athena (raw
data conversion, normalization and background subtraction to extract the EXAFS from the
spectra) and Artemis (to perform a least squares fitting of the experimental data).[27, 28] An
amplitude reduction factor (S02) of 0.79 was obtained from fitting the experimental spectrum
of a gold foil with fixed coordination numbers and used to extract coordination numbers for
the gold nanoparticles. The experimental spectra were fitted in R-space and multiple scattering
contributions were considered, but found to pay a negligible contribution in the first shell fit
and thus ignored.
Theoretical spectra on the Au LIII edge were obtained from self-consistent full multiple
scattering simulations using the FEFF8 code. A Hedin-Lundqvist potential and the LIII XANES,
LDOS, NOHOLE (for complete core-hole screening), Self-Consistent Field (SCF), and
Full Multiple Scattering (FMS) cards were used. The cluster used for the simulations was
a spherical gold cluster of 1 nm diameter with FCC geometry (r = 5.0 Å), and bulk bond
distances (RAu-Au = 2.88 Å) and chosen to roughly match the gold particle size of the catalyst
materials. The cluster contained 43 gold atoms (Au43) arranged as one central atom with three
full coordination shells. Atomic coordinates for the cluster were derived from crystallographic
data using the ATOMS program. The atomic coordinates for the adsorbates were optimized
using Forcite calculations in the Materials Studio (Accelrys) software. The positions of the
gold atoms were constrained to the FCC lattice during structure optimization. Theoretical
XANES spectra were simulated for the central atom, all coordination shells and the atom
bonding to the adsorbate as principle absorber and number weighted averaged.
3.2.3

Catalytic performance

Catalytic test reactions were done in a quartz reactor with 100 mg catalyst (212-425 μm
sieve fraction). Prior to introducing reactive gasses the system was flushed with He. The gas
flow consisted of 10 % MeOH, obtained by flowing He through a MeOH saturator at 20 °C,
and 5 % O2 diluted to 50 mL.min-1 with N2 (internal standard). The composition of the product
flow was analyzed with an on-line double channel CompactGC by Interscience equipped
with a PorabondQ and 5MS molsieve column and TC detectors. For the CO and H2 oxidation
experiments, a 50 mL.min-1 gas flow containing 3 mL.min-1 CO or H2 and 3 mL.min-1 O2 in
He was used.

3.3

Results

3.3.1

Catalyst characterization

The catalyst materials have been characterized by UV-Vis-NIR DR spectroscopy,
EXAFS and TEM. All gold-based catalysts exhibited a pink to purple colour after calcination,
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caused by an absorption band at 500-550 nm due to the Au surface plasmon resonance, which
is direct evidence for the formation of nanostructured metallic gold particles.[29] The fitted
FT-EXAFS spectra are presented in Figure 3.1 and the fitting results, including the average
particle sizes extracted from the EXAFS and TEM analysis, are presented in Table 3.1.[30, 31]
The obtained results are comparable to the values reported in section 2.3 of Chapter 2. The
average particle sizes were similar for all catalyst materials, although Au/Al2O3 established
slightly smaller particles, which can clearly be observed from the amplitude of the Au-Au
scattering in the FT-EXAFS spectra at R = 2.8 Å. The average particle diameter as obtained
from TEM was larger than the value obtained from EXAFS i.e., 3.5 nm and 2.0 nm for the
Au/Al2O3 and Au/La2O3 catalysts respectively. Moreover, according to TEM micrographs
the Au particles were larger for Au/Al2O3 than for Au/La2O3. However, an opposite trend
was concluded from the EXAFS results. This is most likely the effect of the contribution of
sub-nanometre gold particles that remain invisible in TEM. This illustrates the importance
of EXAFS characterization in addition to TEM. The mismatch between EXAFS and TEM
particle size estimations for supported gold nanoparticles has been reported before.[32] It was
observed that for the AuBaO/Al2O3 catalyst materials the Au particles seemed to grow a little
during reaction at 300 °C. In case of the lanthanum oxide containing samples the average
particle diameter seemed stable over the reaction period or decreased slightly.

Figure 3.1. Phase corrected k3-weighted Fourier-transformed EXAFS spectra and the least squares
first shell fits of fresh catalyst materials Au/Al2O3 (I), AuBaO/Al2O3 (II), AuLa2O3/Al2O3 (III) and
Au/ La2O3 (IV). Experimental FT-spectrum (black) and fit: imaginary part (green) and magnitude (red).
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Table 3.1. EXAFS fit parameters and corresponding particle diameter of different alumina and lanthana
supported gold catalyst materials after calcination compared with a Au-foil (k3; Δk = 2.4 – 9.5 Å-1,
Δr = 0.7 – 3.5 Å). EXAFS spectra were recorded at 120 °C in He flow. The parenthesized numbers are
the average particle sizes as determined from TEM micrographs. n.a.= not available.

Catalyst

Au foil
Au/Al2O3
Fresh
Spent
AuBaO/Al2O3
Fresh
Spent
AuLa2O3/Al2O3
Fresh
Spent
Au/La2O3
Fresh
Spent
a

RAu-Au

N1
(± 10%)
12

DebyeWaller
(σ2 )
0.0077

(Å)
2.86

E0
(eV)
2.59

Estimated
particle size
(Å)
n.a.

2.80
n.a.

6.1

0.0095a

1.52

8 (35)

2.84
2.81

7.9
8.3

0.0095
0.0092

4.15
2.70

13
14

2.82
2.82

8.9
7.1

0.011
0.0083

2.034
3.84

17
10

2.80
2.78

8.1
7.8

0.011
0.010

0.742
0.11

13 (20)
12

Due to correlation problems, this fit was refined with the Debye-Waller fixed at 0.0095.

The catalytic performances of the materials under study are summarized in Figure 3.2.
As reported earlier,[16] when adding BaO or La2O3 to the Au/Al2O3 catalyst, the hydrogen
selectivity increased from 15 % to 55 %. The Au/La2O3 exhibited superior performance
in terms of H2 selectivity (95 %), although the conversion was lower. Over the Au/La2O3
catalyst material only trace amounts (<< 1 %) of methane formation were observed. Over
plain lanthanum oxide, a methanol conversion of only 13 % and no significant H2 formation
was observed at 300 °C, confirming that the supported gold nanoparticles are essential for
activity and selectivity in this reaction.

Figure 3.2. Methanol conversion and selectivity towards H2, CO and CH4 in POM at 300 °C over the
different gold-based catalyst materials.
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3.3.2

In-situ Δμ-XANES analysis during POM

By performing a delta-mu (Δμ) analysis of the in-situ XANES spectra, small changes
can be made more pronounced. Δμ Analysis is usually performed by subtracting the spectrum
during reactions, with a spectrum of the same material, measured in the same experimental run
at the same beamline, but under different reaction conditions.[33, 34] In our case, the reference
spectrum was recorded at 300 °C in a He flow and was subtracted from the in-situ XANES
spectra, recorded at 300 °C in a flowing mixture of MeOH and O2 in He (POM conditions).
By placing a gold foil between the sample and an ion-chamber detector, any drift in the energy
calibration of the beamline can be eliminated. Δμ-XANES analysis has been successfully
applied in the past to reveal bonding of species on noble metal catalyst systems, especially for
Pt- and Au-based catalysts and has become an established analysis method.[35-50]

Figure 3.3. In-situ XANES and Δμ-XANES spectra of Au/Al2O3 (I), AuBaO/Al2O3 (II),
AuLa2O3/Al2O3 (III) and Au/La2O3 during POM at 300 °C. Spectrum in He (solid line), spectra in
reaction atmosphere (red line) and the difference spectra. The Δμ-XANES spectra were smoothed by an
iterative interpolating algorithm for clarity.

Figure 3.3 displays the in-situ XANES spectra recorded on the Au LIII edge at 300 °C in
He and during partial oxidation of methanol. In the normalized XANES spectra no significant
changes can be observed, which indicates that there are no large changes in the oxidation
state of the reactive gold particles during reaction, nor that the gold particle size changes
significantly. The EXAFS results on the spent catalysts did not reveal excessive particle
growth either as was also reported in Chapter 2.
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It was observed that in the cases of Au/Al2O3 and AuBaO/Al2O3 (Figure 3.3 I & II)
catalysts a slight dip appeared at the edge position (E0) in the Δμ signatures, with the
simultaneous development of a positive feature at 5-20 eV over the edge. In literature
comparable phenomena were observed for instance upon exposing gold nanoparticles
to propene,[36] ethene,[38] hydrogen,[40] and during CO oxidation.[41, 42] The appearance of a
positive feature at or just over the edge position is caused by depletion of the Au d-band or,
in other words, the formation of cationic surface gold atoms (Auδ+).[51] In a comprehensive
study into the chemisorption of hydrogen on Au/Al2O3 and Pt/Al2O3 by Bus et al.,[39, 40]
Δμ‑XANES spectra were measured on the Au LII and LIII edges, which show strong similarity
with the Δμ-XANES spectra under POM conditions on Au/Al2O3 and AuBaO/Al2O3. Bus et
al. observed isotopic scrambling by co-feeding H2 and D2 over the catalyst and were able to
assign the features in the Δμ-XANES spectra to dissociative hydrogen chemisorption on Au
and Pt clusters. Based on these reported findings and the results reported here, we propose
that dissociative hydrogen chemisorption takes place on Au/Al2O3 and AuBaO/Al2O3 under
POM conditions as well. Dissociative adsorption of H2 on the gold catalyst is in line with the
observed methane formation over alumina (promoted) supported gold catalysts,[16] originating
either from methanation of CO or CO2,[52] or the reaction of adsorbed atomic hydrogen with
methanol.[10, 53]

Figure 3.4. (I) Normalized experimental EXAFS spectra of the Au LIII edge of Au/Al2O3 (solid line) and
the uncalcined Au(OH)x/Al2O3 catalyst (dashed line) and magnification of the XANES region (insert)
showing the edge energy shift upon reduction and (II) simulated XANES spectra of a 1 nm metallic
gold cluster (solid line) and a Au2O3 cluster (dashed line). The theoretical Au0 LIII edge energy at 11919
eV is indicated.

On the lanthanum promoted and supported catalyst materials, different features in the
Δμ-XANES spectra are observed. In Figure 3.3 (III & IV) it is clearly visible that under
POM conditions, a negative feature appears at the edge position. Also such a negative feature
has been reported before. Nijhuis et al. described the appearance of a negative peak at the
edge position during activation of a Au/SiO2 catalyst for H2 oxidation, which they ascribed
to the reduction of initially present cationic gold species.[36] The negative peak is caused by
a small shift in the edge to higher energy upon reduction as illustrated in Figure 3.4 and
was reported as well by Costello et al.[54] For the lanthanum oxide promoted and supported
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catalysts, neither the formation of cationic gold species nor hydrogen chemisorption was
observed in the Δμ‑XANES spectra. It seems that under POM conditions, these catalyst
materials reduce further and lanthanum oxide is preventing the Au clusters to reoxidize. This
is confirmed by the fact that even an uncalcined Au/La2O3 catalyst material reduced rapidly
during a temperature programmed POM reaction, while the catalytic performance was not
significantly altered. The reduction was confirmed by the colour change from light yellow to
pink, indicative for the formation of metallic nanosized gold particles.[29]
3.3.3

FEFF8 simulations

Theoretical calculations on the Au LIII edge using the FEFF8 code were performed
in order to simulate Δμ-XANES signatures caused by different adsorbed species at a Au43
cluster. The FEFF8 code is highly suitable for good reproduction of XAS spectra of small
metal clusters[55] and has been applied successfully before to get a theoretical fundament for
experimental XANES spectra interpretation and gave insight in e.g. the adsorption modes of
ethene and CO to gold clusters.[38, 41, 42, 56]
The simulated spectra of the Au LIII near edge region of Au43 and Au43CO are shown
in Figure 3.5, together with the Δμ-XANES signatures obtained from simulated spectra on
Au43 clusters with different adsorbates. The Au-C and C-O bond in Au43CO measured 1.967
and 1.128 Å, respectively, which are realistic values. The simulated spectra resemble both
the experimental spectra, as illustrated in Figure 3.4, and simulated FEFF spectra reported
in literature.[38, 41, 42] Different bonding modes (atop, bridging and three-fold) and smaller gold
clusters, e.g. Au6, have been considered but were found to only affect the shape and intensity
of the Δμ-signatures in a way that was of no consequence for our qualitative interpretation.

Figure 3.5. XANES spectra simulated using the FEFF8 code of a Au43 cluster (r = 5 Å) (solid line) and
the depicted Au43CO cluster (dashed line) and Δμ-XANES signatures of Au43 clusters with different
possible reaction intermediates adsorbed atop on the gold cluster.
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The adsorption of CO on a Au43 cluster gives rise to the appearance of a positive feature
just above the absorption edge caused by a shift of the absorption edge to lower energy and an
increase in the whiteline. Since the LIII edge XANES probes the empty states in the d-band,
an increase in the number of holes results in an increased whiteline. The increase in whiteline
intensity has been observed before and was explained by backbonding of the Au d-electrons
into the 2π* molecular orbitals of CO, causing a depletion of the Au d-band.[41, 42] An increased
whiteline was also observed in the experimental and theoretical spectra when exposing a Au
cluster to O2.[31, 41, 42, 55] This was explained by the activation of oxygen on a Au atom during
CO oxidation, while partially oxidizing the Au cluster.
All the Δμ-XANES signatures obtained from FEFF8 calculations displayed a similar
positive feature between 0-5 eV over the edge, all suggesting some sort of oxidation of the
gold particles. None of the theoretical spectra showed strong similarity with the experimental
Δμ‑XANES signatures obtained on the lanthanum promoted catalyst materials. However,
when inverting the Δμ-XANES signature of Au43O2, simulating the reduction of initially
present Auδ+ species, a negative feature similar to the experimental spectra appears. On basis of
the experimental results, we cannot completely rule out that oxidation of the La2O3 promoted
Au particles takes place under POM conditions. However, it would only be a minor effect.
3.3.4

Catalytic activity

The catalyst materials exhibiting the best (Au/La2O3) and worst (Au/Al2O3) selectivity
in POM were compared in the catalytic performance in POM, CO oxidation and H2 oxidation.
The temperature dependent conversions are presented in Figure 3.6. It is clear that in terms
of MeOH conversion, both catalysts behave very comparable. The light-off temperature is
found at around 50 °C and full O2 conversion (plateau between 100-200 °C) is reached at
100 °C. At 300 °C Au/Al2O3 establishes a somewhat higher conversion, 84 % compared to
74 % in the case of Au/La2O3. The strong similarity in MeOH oxidation activity is in line with
the similarity in particle size as observed from EXAFS analysis (vide infra) and suggests that
the activity is mainly determined by the sub-nanometre gold particles rather than the larger
agglomerates which are observed with TEM. When looking at the results for CO and H2
oxidation, large differences in operation temperature are found. Where the Au/Al2O3 converts

Figure 3.6. Catalytic performance of Au/Al2O3 (I) and Au/La2O3 in CO oxidation (▽), H2 oxidation (○)
and POM (□). In POM, the applied MeOH/ O2 ratio was 2, in CO and H2 oxidation a 1:1 molar ratio
with oxygen was used. The applied heating rate was 3 °C.min-1.
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already > 40 % CO at room temperature, the Au/La2O3 catalyst is virtually inactive, displaying
a conversion of only 5 %. The same is observed for H2 oxidation. The Au/Al2O3 catalyst
material is able to oxidize H2 at room temperature, while in the case of Au/La2O3, the lightoff temperature for H2 oxidation laid at 100-110 °C and full H2 conversion was not obtained
at 300 °C. Moreover, at temperatures between 100-170 °C the Au/La2O3 catalyst is more
efficient in oxidizing MeOH than H2, opposite to the catalytic performance of Au/Al2O3. Both
catalysts are more efficient in CO oxidation compared to H2 oxidation, which is also reported
to be the case for other supported gold nanoparticles.[56]
3.3.5

Gold reduction studied with Differential Scanning Calorimetry

With DSC one can measure the differences in the heating of a sample compared to a
reference, thus revealing endothermic and exothermic events taking place as a function of
temperature.[26, 57] Since the decomposition of precipitated oxidic gold species is an exothermic
process, DSC is a suitable technique to study the reduction behaviour of the supported goldbased catalysts.[58] In addition, DSC is performed under N2 atmosphere, so in the absence of a
reducing agent, similar to the experimental conditions used for catalyst preparation. This is in
contrast to TPR, conventionally applied for the study of reduction behaviour, which requires
the presence of H2. The recorded thermograms of the reduction of the gold-based catalyst
are presented in Figure 3.7 and are compared to the thermograms of the NH4OH (aq) treated
support materials. In the thermograms of the alumina samples first a negative contribution
appeared with a minimum at 120 °C (indicated by ‘a’ in the Figure). This can be ascribed to
desorption of water from the sample. The decomposition of precipitated oxidic Au-species
caused an exothermic peak (indicated by ‘b’ in the Figure) in the thermograms between
120 °C and 170 °C, which is in good agreement with observations reported in literature[58] and
was confirmed by the observed colour change after the measurements.

Figure 3.7. Thermograms of the decomposition of 2.5 wt% precipitated Au(OH)x/Au2O3 species (red &
green) on γ-Al2O3 (I) and La2O3 (II) studied by DSC and compared with the thermograms of the plain
NH4OH treated supports (blue). The applied heating rate was 2 °C.min-1.

51

Chapter 3

In Table 3.2 the numerical results for the different samples are listed and compared to
the literature values for the direct decomposition of bulk Au(OH)3 according to eq. 3.1 and the
two-step decomposition via Au2O3 formation according to eq. 3.2-3.
2 Au(OH)3  2 Au + 3 H2O (l) + 1.5 O2 (g)		
		
		
ΔH0f = -20.5 J.gAu-1		
2 Au(OH)3  Au2O3 + 3 H2O				
		
ΔH0f = +11 to +72 J.gAu-1		
Au2O3  2 Au + 1.5 O2 (g)						
		
ΔH0f = -50 to -200 J.gAu-1		

(eq. 3.1)
(eq. 3.2)
(eq. 3.3)

The measured values for the heat release were significantly higher compared to the heat
of reaction for the direct decomposition of Au(OH)3 and therefore cannot be attributed to eq.
3.1. However, the metastable Au(OH)3 can easily dehydrate to form Au2O3 according to eq.
3.2. Although there is a reasonable spread in the reported values for the heat of formation of
Au2O3, the values we report are roughly in the same order of magnitude as the literature value
for the decomposition of Au2O3 and thus can be considered realistic. Therefore, we propose
that by drying the samples under vacuum, the precipitated Au(OH)3 species are readily
dehydrated to form Au2O3, which decomposes highly exothermic upon heating.
It was found that the measured heat of reaction for the decomposition (-ΔHred) per gram
gold, for a Au/La2O3 catalyst was in all cases roughly 4 times higher than for a Au/Al2O3
catalyst. Although this is to be regarded as a semi-quantitative measurement, the results
obtained are reproducible and indicate a significant higher value for the -ΔHred for La2O3 when
compared to the Al2O3 supported samples. Since the formation of gold-aluminate or goldlanthanate phases is not considered to be realistic under these conditions,[59, 60] the difference
in measured reduction enthalpy of gold supposedly originates from the extent to which Au2O3
species are stabilized on the different support materials. Apparently alumina can stabilize the
oxidic gold species to a much higher extent as compared to lanthanum oxide, thus lowering
the measured decomposition enthalpy.
Table 3.2. Results of thermal analysis of Au/Al2O3 and Au/La2O3.

Sample

Au loadinga
(wt%)

Weight lossb
(%)

Al2O3
Au/Al2O3

2.06

2.9
2.8

La2O3
Au/La2O3

1.23

0.74
0.68

Au(OH)3
Au2O3

bulk
bulk

determined by ICP analysis.
from TG analysis.
c
from DSC measurements.
d
calculated value for the decomposition of bulk Au(OH)3.[61]
e
calculated value for the decomposition of Au2O3.[5, 62]
a

b
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Tmaxc
(°C)

-ΔHredc
(J.gAu‑1)

146
147

81
66

143
147

334
352
20.5d
50-200e
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3.4

Discussion

In the open literature there is still debate on the actual active site for CO oxidation over
supported gold particles. Many authors have reported cationic gold atoms, exclusively or
together with Au0 atoms as the active site, [66-73] but also zero valent metallic gold clusters [43, 74-79]
and anionic gold species [80-86] have been reported to be needed for CO oxidation. Based on
Density Functional Theory and ab initio thermodynamic studies, the seemingly contradicting
observations were explained by Laursen et al. by the large influence of the support material
and reaction conditions on the gold oxidation state.[87] Recently, van Bokhoven et al. reported
that Au/Al2O3 partially forms cationic gold when exposed to oxygen, which gets reduced very
fast when introducing CO to the catalyst, proposing a redox cycle of gold during CO oxidation.
However, based on the rate limiting oxygen activation, under CO oxidation reaction, fully
reduced gold, with or without CO adsorbed on the surface, is expected.[55, 58, 88] On the active
site of gold catalysts for POM there is very little known. Chang et al. proposed that the active
site is a Auδ+ atom, based on ex-situ XPS measurements, and the observed higher catalytic
activity for unreduced gold catalysts on highly reducible supports.[13]
During in-situ XAFS experiments under POM conditions we observed the formation
of a small whiteline in the Δμ-XANES spectra of Au/Al2O3 and AuBa/Al2O3 showing strong
similarity with those reported during hydrogen chemisorption on Au/Al2O3. Also the Au/Al2O3
exhibited high activity in CO and H2 oxidation. For the AuLa2O3/Al2O3 and Au/La2O3 catalyst
materials, a negative feature appeared at the edge position in the Δμ-XANES spectra during
POM, which can be explained by the decomposition of initially present oxidic gold species.
The Au/La2O3 displayed much lower activity towards CO and H2 formation, which can be
explained by the enhanced gold reduction, which limits Auδ+ formation as proposed to be
needed for CO oxidation.[31, 58] However, the temperature dependent activity for MeOH
conversion was similar for all materials, which indicates that the activity for MeOH activation
is not influenced by support interactions. From DSC measurements on the autoreduction
behaviour of the uncalcined catalyst materials it was observed that Au/La2O3 exhibited a
significant larger -ΔHred than Au/Al2O3. This is explained by the extent to which Au2O3 species
are stabilized on the different supports. The formation of cationic gold species under POM
reaction conditions is consequently facilitated by the alumina support as was observed from
in-situ XANES.
Although it has been reported before that lanthanum oxide showed remarkable properties
for stabilizing cationic gold species,[70, 89-91] we observed no indication for the formation of
oxidized gold species during POM, as was observed for the Au/Al2O3 catalyst. Based on
the combined results of XAS and DSC measurements, FEFF8 simulations and catalytic
performance tests we propose that the selective catalytic sites for POM are fully reduced gold
particles. The presence of La2O3 clearly limits the oxidation of the gold particles and under
POM conditions. This inhibits H2 dissociation, which was observed on the Al2O3 supported
catalyst and explains the very low methane and water formation when compared to the Au/
Al2O3 catalyst. Consequently, a higher selectivity towards H2 formation can be established
over a Au/La2O3 catalyst. Another effect that might play a role is that it is believed that fully
reduced gold is the active phase in the water gas shift reaction (WGS).[92] The enhanced
reduction of the Au/La2O3 catalyst can promote WGS taking place under POM conditions,
thus changing selectivities towards more H2 and less CO formation. Although we cannot
rule out active participation of the support materials in the mechanism, it is clear that the use
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of La2O3 as a support instead of Al2O3 changes the electronic properties of supported gold
catalysts causing different catalytic performance and reduction behaviour.

3.5

Conclusions

With a combination of in-situ XAS and DSC measurements, FEFF8 simulations and
catalytic test reactions we obtained insight in the promotion effect of La2O3 on supported
gold nanoparticles in the partial oxidation of methanol. From the results have obtained on the
decomposition behaviour of precipitated oxidic gold species supported on La2O3 and Al2O3, it
can be concluded that La2O3 has a facilitating effect on the decomposition of these oxidic Au
species, while Al2O3 displays a stabilizing effect. This is in agreement with the formation of
Auδ+ on the Au/Al2O3 catalyst during POM, while the Au/La2O3 catalyst exhibited the further
decomposition of Au2O3. It is proposed that the presence of lanthanum oxide facilitates the
autoreduction of precipitated oxidic gold species and thereby limits the formation of Auδ+
atoms during partial oxidation of methanol. This prevents dissociative hydrogen chemisorption
taking place, which was observed in the absence of La2O3. These effects together yield the
observed increased selectivity towards H2 in POM over Au/La2O3. The difference in redox
behaviour explains the observed activities of the catalyst materials under study in the catalytic
CO and H2 oxidation, for which the formation of cationic gold species is regarded to be crucial
for high activity.
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Selective Oxidation of Alkanes over
Supported Gold Catalysts
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Chapter 4

Aerobic Oxidation of Cyclohexane by Goldbased Catalysts: New Mechanistic Insight by
Thorough Product Analysis*

Abstract

The selective oxidation of cyclohexane to cyclohexanone and cyclohexanol with molecular
oxygen over Au/Al2O3, Au/TiO2 and Au/SBA-15 catalysts was investigated and compared
with the industrial autoxidation process. In contradiction with literature results, the Au-based
catalysts did not exhibit an excellent catalytic performance and the combined selectivity
towards cyclohexanone and cyclohexanol decreased to ~ 70 % with increasing conversion
above 5 %. In addition, the observed product and by-product evolution were typical for
an autoxidation process, although a significant increase in adipic acid and CO2 formation
was observed. The presence of a free-radical scavenger in additional oxidation experiments
completely inhibited the reaction and provided proof that the oxidation follows a radical-chain
mechanism instead of a catalytic mechanism. This explains the low selectivity at increasing
conversion. This important deviation from literature can be clarified by the complicated, but
necessary product analysis of both the gas and liquid phase.
* Based on: B. P. C. Hereijgers and B. M. Weckhuysen, ‘Aerobic Oxidation of Cacylohexane over
Gold‑based Catalysts: New Mechanistic Insight by Thorough Product Analysis’ , Journal of Catalysis,
270 (2010) 16 - 25.
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4.1

Introduction

In the previous chapters we have reported on the selective oxidation of methanol over
supported gold catalysts. Methanol is a relatively easy molecule to activate due to the strongly
polarized C-O bond and the acidic proton of the alcohol functionality. Contrary to this, the
selective oxidation of alkanes remains a major challenge in catalysis due to the high strength
of the C-H bond (typically 380-440 kJ/mol) and the very low acidity and basicity (estimated
pKa = 45-60).[1, 2] In the current chapter, we will explore the applicability of supported gold
catalysts for the selective oxidation of cyclohexane.
The liquid-phase aerobic oxidation of cyclohexane (CyH) is of major importance for
the production of cyclohexanone and cyclohexanol (Ketone/ Alcohol or KA-oil), the annual
worldwide production of which exceeds 106 tons.[3-5] Both oxidation products are the main
industrial precursors of respectively ε‑caprolactam and adipic acid, building blocks of the
nylon-6 and nylon-6,6 polymers.[3] Commercially the aerobic oxidation process is operated
at temperatures of 140-160 °C and 1-1.5 MPa pressure. In industry, the conversion is kept
at 4 % to prevent the formation of excessive amounts of by-products by over-oxidation of
the relatively reactive oxygenates, giving 70-85 % selectivity towards KA-oil.[3, 4, 6] For the
production of ε‑caprolactam, the ketone is considered as the most valuable product and
therefore a high K/A-ratio is desired.
In essence there are two commercial processes exploited nowadays, i.e. the non-catalytic
autoxidation process and the catalyzed process. In the first process, cyclohexyl hydroperoxide
(CyOOH) is formed non-catalytically and in a subsequent deperoxidation step converted
catalytically in the presence of a dissolved cobalt salt to KA-oil, with a typical K/A-ratio
of 1.5.[7, 8] The second process makes use of a radical initiator, mostly dissolved cobalt(II)
naphthenate, in the oxidation step to accelerate the process. This typically yields a K/A-ratio
of 0.3-0.5.[6, 9, 10] Although the product distribution in both processes differs, the autoxidation as
well as the catalyzed reaction are known to proceed via the complex radical-chain mechanism
shown in reactions eq. 4.1-6.[11]
CyOOH  CyO• + •OH

					

(eq. 4.1)

CyO• + CyH  CyOH + Cy•						

(eq. 4.2)

•OH + CyH  H2O + Cy•						

(eq. 4.3)

Cy• + O2  CyOO•							

(eq. 4.4)

CyOO• + CyH  CyOOH + Cy•					

(eq. 4.5)

2 CyOO•  CyOH + Cy=O + O2					

(eq. 4.6)

The chain initiation is considered to proceed through the homolytic cleavage of
cyclohexyl hydroperoxide (CyOOH) according to reaction (eq. 4.1). Transition metals capable
of undergoing a one-electron switch (e.g. Co2+, Mn2+ and Cr2+) are able to catalyze this initiation
via a so-called Haber-Weiss cycle, which is illustrated in Scheme 4.1.[6, 12-15] Once formed, the
oxygen-centred radicals can attack the CyH solvent molecules via reaction eq. 4.2-3 to form
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cyclohexyl radicals (Cy•). Via the rapid reaction with molecular O2 (eq. 4.4) these radicals
will form cyclohexyl peroxy radicals (CyOO•). CyOO• is the main chain propagator, causing
the continuous formation of new radicals according to reactions eq. 4.4-5. The formation of
cyclohexanol (CyOH) and cyclohexanone (Cy=O) was a long time attributed to the chain
termination by mutual destruction of two peroxy radicals according to reaction eq. 4.6.[4, 6, 11, 16]
However, with an estimated chain-length of the order of 100,[15] it is unlikely that the major
product formation occurs solely through the minor termination reaction.[17] Recent research
by Hermans et al. provided strong evidence that subsequent propagation reactions of CyOOH
within their Franck-Rabinowitch solvent cage, are responsible for the formation of both the
ketone and the alcohol.[17, 18]

Scheme 4.1. Haber-Weiss cycle of the cobalt-catalyzed decomposition of cyclohexyl hydroperoxide.

Scheme 4.2 illustrates the different propagation routes of CyOOH, as identified by
Hermans et al.[14, 16] Product formation starts with a α-hydrogen abstraction of CyOOH by a
cyclohexylperoxo radical (CyOO•) to form the unstable Cy-αH•OOH intermediate, that readily
decomposes to form Cy=O and a hydroxyl radical (•OH). The hydroxyl rapidly abstracts a
hydrogen atom from cyclohexane forming the wall of the solvent cage, yielding a cyclohexyl
radical.[14] These cage reactions are highly efficient due to the large heat release (> 250 kJ.mol-1)
from the α-hydrogen abstraction of CyOOH and the subsequent hydrogen abstraction by the
hydroxy radical and contributes about 70 % of the CyOOH propagation flux.[17] Now, the
content of the solvent cage can either follow path a in Scheme 4.2 and diffuse out, or react
within the solvent cage according to path b, to form CyOH and a cyclohexoxy radical (CyO•).
The latter, again, can abstract a hydrogen atom from a cyclohexane molecule to form CyOH
and a cyclohexyl radical (path c). In this way, the majority of the products is formed from
propagation reactions rather than from a chain termination step.[17, 18]

Scheme 4.2. Propagation reactions of CyOOH. Scheme reproduced from [16].
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Especially at higher conversion (> 5 %), excessive by-product formation is observed,[9]
which has for a long time been attributed to the ring-cleavage of mainly cyclohexanone.[5, 6]
Recently, Hermans et al. proved that this reaction only could contribute to a minor amount
of by-products. It was proposed that the hitherto overlooked propagation of cyclohexyl
hydroperoxide (CyOOH) into a cyclohexoxy radical and subsequent β-cleavage forming a ringopened ω-formyl radical (Scheme 4.2, path d), is the main origin of by-product formation.[14, 16]
The nature of these by-products, e.g. peroxides, organic acids and gasses, complicates the
analysis of the reaction mixture tremendously.[11] Performing accurate selectivity calculations
and obtaining a complete mass balance are therefore not straightforward and is often
underestimated.[9]
Since radical chemistry plays the key role in by-product formation in cyclohexane
oxidation, in order to improve the yield of desired products, one should aim for a nonradical, thus catalytic, conversion of CyOOH to avoid the formation of CyO• intermediates.
[16]
Triggered by the successes of gold-based catalysts in a wide variety of selective oxidation
reactions,[19-21] the use of nanostructured gold catalysts for this particular oxidation reaction
was initiated by Suo et al. in 2004. Au/ZSM-5 and Au/MCM-41 catalysts were found to
be able to convert cyclohexane to KA-oil at 150 °C and 1 MPa oxygen pressure reaching
90+ % selectivity at conversions of 10-15 %.[22, 23] These promising results were confirmed by
publications coming from a variety of groups reporting comparable results at similar conditions
for e.g. (modified) Au/Al2O3 [24, 25] and gold nanoparticles supported on amorphous Ti-doped
SiO2,[26] (functionalized) mesoporous silica materials,[27-32] and very small Au clusters (< 2 nm)
on hydroxy-apatite.[33] In combination with t-butyl hydroperoxide as initiator or sacrificial
oxidant, Au supported on graphite or Ni(OH)2 and Mg(OH)2 modified SiO2 exhibited a high
selectivity towards K/A-oil only at low conversion (< 2 %).[34-36]
The published results justify a more thorough investigation of the excellent catalytic
performances of these gold-based catalyst materials, especially since the product distribution
during reaction has received minor attention so far. In this regard, we report in this chapter on
a thorough mechanistic study into this process. It was found that the aforementioned results on
gold-based catalysts are obscured by the complicated product analysis. In fact, the gold-based
catalysts are relatively inert and the reaction path follows the above described radical‑chain
mechanism.

4.2

Experimental Methods

4.2.1

Catalyst preparation

The SBA-15 support (SBET = 696 m2/g, total pore volume = 0.797 cm3/g) was homesynthesized following the procedure as described by Zhao et al.[37] In a sealed 500 mL
polypropylene bottle 8.0 g triblock copolymer, poly(ethylene glycol)-poly(propylene glycol)poly(ethylene glycol) (Pluronic P123, Sigma Aldrich, 99 %) was dissolved in 250 mL water
and 48 g HCl (Merck, 37 %) and stirred at 40 °C until a clear solution was obtained. Tetraethyl orthosilicate (TEOS, Sigma Aldrich, 99 %) was added drop wise to the solution. The gel
was aged at 40 °C for 20 h under stirring and subsequently placed in an oven at 100 °C under
static conditions for 48 h. The resulting solid was filtered, washed with water and ethanol
and dried at 60 °C for 12 h. The template was removed by calcination at 550 °C for 6 h
(temperature program: RT  120 °C, 1 °C.min-1, 3 h,  550 °C, 1 °C.min-1, 6 h) . Supported
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gold nanoparticles were prepared by deposition precipitation on the different supports from a
HAuCl4 in dilute HCl solution (Sigma Aldrich, 99.99 %) containing the exact amount of gold
to achieve a 1 wt% loading, as described in detail in Chapter 2. Precipitation was performed
with a diluted NH4OH (Merck, 25%) solution at a pH of 9.5.[38] After addition, the slurry was
stirred for another 30 min, filtered and washed with demi-water. The catalysts were dried at
60 °C overnight and calcined at 200 °C for 4 h.
The support materials, except SBA-15, were obtained from a commercial source; i.e.
γ‑Al2O3 (Engelhard, SBET = 230 m2/g, total pore volume = 0.76 cm3/g) and TiO2 (P25, Degussa,
SBET = 55 m2/g, total pore volume = 0.19 cm3/g) and used as such. The reference catalyst
Au/F-SBA-co was prepared and reduced in H2 as described by Wu et al.[31]
4.2.2

Catalyst characterization

Transmission Electron Microscopy (TEM) was performed on a FEI Tecnai 20F
operated at 200 KeV equipped with a Schottky Field Emission Gun (magnification range
is 25x – 700kx) and a FEI Tecnai 12 Transmission Electron Microscope operated at 120
KeV (magnification range is 40x – 700kx). The gold particle size distributions as determined
from TEM represent at least 210 particles per catalyst material. Diffuse Reflectance (DR)
UV-Vis-NIR spectra were recorded on a Varian Cary 500 Scan spectrophotometer using a
white Halon standard for background subtraction. X-ray powder diffraction was performed
on a Bruker AXS Advance D8 apparatus using CoKα radiation (λ = 1.78897 Å) operating
at 45 kV and 30 mV. N2-physisorption isotherms and specific surface areas were measured
on a Micromeretics Tristar 3000 analyser. Fourier Transform Infrared (FT-IR) spectra were
recorded in transmission mode on a Perkin Elmer System 2000 FT-IR spectrometer using the
KBr technique, in the range of 4000-400 cm-1 with a resolution of 1 cm-1.
4.2.3

Cyclohexane oxidation experiments

Prior to conducting oxidation experiments, the reactor interior was passivated by boiling
with a saturated sodium pyrophosphate (ABCR, 99 %) solution for 4 h and thorough washing.
The aerobic catalytic oxidation experiments were carried out in a fed-batch 500 mL stainless
steel autoclave reactor-setup (SA182-F316, rated up to 254 bar at 450 °C working conditions)
by Autoclave Engineers. The oxidation reactions were performed at 150 °C at 1.2-1.5 MPa
under continuous flow (900 sccm) of 8 vol% O2/ N2 in order operate outside the flammability
range of cyclohexane.[7, 39] The gas flows were controlled by Brooks mass flow controllers
(type 5850i). Detailed information on the flammability characteristics of cyclohexane/ oxygen
mixtures can be found in the Appendix.
Typically 310 mL cyclohexane (241 g, 2.85 mol, Sigma-Aldrich, 99.5 %) containing
1 mol% biphenyl (Acros, 99 %) as internal standard was loaded in the reactor together with
0.75 g catalyst and the reactor was flushed with nitrogen. The reactor was heated to a stable
operational temperature and subsequently O2 was introduced, defining t = 0. The effluent gas
was cooled in a reflux cooler to minimize the evaporation loss of cyclohexane and volatile
organics from the reactor. Remaining gas phase volatiles were collected in a cold trap. The
effluent gas stream was analysed on-line by gas chromatography (GC) using a Varian CP4900
Micro-GC, double channel on-line GC equipped with porabond Q and 5MS molsieve columns
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and TC detectors. To quantify the O2 conversion and CO/ CO2 formation the N2 signal was
used as internal standard.
Liquid phase aliquots were extracted from the reactor via a manually operated sample
valve equipped with a filter (5 μm) and thermally quenched. The samples were collected
after flushing the tubing with approximately 5 mL of the reactor content. Prior to the liquid
phase product analysis, the samples were dissolved in pyridine (Fluka, 99 %) and derivatized
with an excess N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA, ABCR, 97 %). The
silylated samples were analysed using a Varian 430 GC, equipped with a VF-5ms column
(30 m, DF = 0.25 μm, 0.25 mm I.D.), CP-8400 autosampler and FID detector, in split/splitless
injection mode. The injector temperature was set to 220 °C.
The product specific FID response has been determined with respect to biphenyl for all
main products and by-products, including cyclohexanol, cyclohexanone, formic acid, acetic
acid, butyric acid, valeric acid, caprioc and hydroxy-caproic acid, glutaric acid and adipic
acid as well as methanol, 1-butanol, 1-pentanol and 1-hexanol. To determine the FID response
factor for cyclohexyl hydroperoxide, reaction samples were double analysed, before and after
reducing CyOOH to cyclohexanol with triphenyl phosphine (Acros, 99 %). For the cobalt
catalyzed reaction cobalt-methylhexanoate (Sigma Aldrich, 65 wt% Co2+ in mineral spirits)
was used. Radical inhibition experiments were performed using hydroquinone (ABCR, 99 %)
as inhibitor.[40, 41]

4.3

Results

4.3.1

Catalyst characterization

The catalyst materials under study were characterized by UV-Vis-NIR DR spectroscopy,
TEM, X-ray powder diffraction and N2-physisorption. The presence of supported Au
nanoparticles was confirmed by the distinctive pink/ purple colour of the catalyst material
after calcination. In Figure 4.1 the UV-Vis-NIR absorption spectra of the catalysts are shown.
The typical absorption band around 500 - 550 nm, caused by the surface plasmon vibration of
colloidal gold, is clearly visible.[42]
TEM micrographs of the catalyst materials and related particle size distributions, as
determined from TEM images, are shown in Figure 4.2. The gold particles are clearly visible

Figure 4.1. UV-Vis-NIR DR spectra of (a) Au/TiO2, (b) Au/Al2O3 and (c) Au/SBA-15.
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Figure 4.2. TEM micrographs and particle size distributions of Au/TiO2 (I), Au/Al2O3 (II) and
Au/SBA‑15 (III). Particle size distributions represent at least 210 particles.

65

Chapter 4

and exhibit an average particle size of 4.7 nm, 4.8 nm and 4.0 nm for Au/TiO2, Au/Al2O3
and Au/SBA-15, respectively. The determined particle sizes are similar to the particle sizes
reported to form active cyclohexane oxidation catalyst materials.[24-26, 28] From the TEM
micrographs of Au/SBA-15 it appeared that the SBA-15 support was slightly damaged. Most
likely this originates from the Au deposition precipitation at pH = 9.5. This was confirmed by
an observed decrease in the SBET (553 m2/g) and total pore volume (0.694 cm3/g) as determined
from N2-physisorption after Au deposition. The crystallinity of the catalyst materials was
verified by XRD. In the XRD patterns in Figure 4.3, the diffraction lines of gold particles at
2θ values of 44.8° and 52° could only be observed in the case of the Au/SBA-15 catalyst. The
XRD patterns of Au/Al2O3 and Au/TiO2 displayed solely the characteristic diffraction lines of
γ-Al2O3 and the TiO2 P25 rutile and anatase phases.[43]

Figure 4.3. XRD powder patterns of Au/TiO2 (a), Au/Al2O3 (b) and Au/SBA-15 (c). The TiO2 rutile (◆)
and anatase (●), γ-Al2O3 (∗) and Au (╳) crystalline phases are designated.

4.3.2

Catalytic testing

To evaluate the inertness of the reactor interior (the stainless steel vessel wall, impellor,
thermo-well, cooling coil and filtered diptube) first of all blank oxidation experiments without
catalyst material were conducted. The results are displayed in Figure 4.4. It is observed that
the autoxidation in the untreated reactor goes through an initiation period of 40 min in which
almost no conversion is observed (0.16 mol%). Thereafter, the conversion increased gradually
to reach 4 % after 104 min on stream. After passivation of the reactor it is clearly observed
that the initiation time of the oxidation reaction is extended to 60 min.[44] A conversion of
0.19 mol% was obtained after 60 min reaction after which the reaction rate increased. 4 %
conversion was reached only after 184 min reaction. It is obvious that, although the reactor is
not to be considered “inert”, the contribution of the reactor after passivation to the oxidation
rate is considerably low. Comparing this to the gold-catalyzed reaction, it is clearly visible
that the reaction still exhibited an initiation period of 30 - 45 min, but proceeded significantly
faster compared to the uncatalyzed reaction in the passivated reactor. Therefore, we can
accurately address the activity of the supported gold nanoparticles in further experiments.
Obviously the dissolved Co2+ was the most efficient initiator, establishing a conversion of 4 %
already after 46 min of reaction.
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Figure 4.4. Conversion versus
time on stream during cyclohexane
autoxidation (open symbols) and
catalyzed oxidation (solid symbols) at
150 °C and 1.2-1.5 MPa.

The product distribution and outlet oxygen concentration with conversion during
cyclohexane autoxidation are presented in Figure 4.5. The results obtained on the Co2+
catalyzed reaction are included as well for direct comparison with the industrial process. Some
reaction characteristics at the industrially applied cyclohexane conversion of 4 % are listed in
Table 4.1. For all oxidation experiments, during the initiation period a build up of CyOOH is
observed, followed by a gradual loss in CyOOH selectivity, caused by conversion into mainly
CyOH and Cy=O. With increasing conversion, selectivity towards Cy=O increased for all
experiments, however the obtained K/A-ratios at 4 % conversion range from 0.43 (Co2+) to
1.23 (untreated reactor). When the conversion is increased further above 5 % the combined
selectivity towards KA-oil and CyOOH dropped significantly due to the formation of byproducts. In all cases the selectivity towards 6-hydroxycaproic acid is observed to increase
and level off or even decrease subsequently. Adipic acid formation was in general lower in
the first period, but increased at higher conversion. Also significant CO and CO2 formation is
observed. The C6 group (defined as the unidentified species with a retention time longer than
caproic acid, so mostly C6-poly-oxygenates), accounted for 5-10 % of the products at 4 %
conversion, although at higher conversion this increased to 10-20 %. The formation of shorter
acids (which generally form under oxygen starvation) was low, indicating that the reaction
was not significantly limited by the oxygen supply.[16]
The product selectivity evolution versus CyH conversion for the Au-catalyzed oxidation
reactions are presented in Figure 4.6. When comparing these to the autoxidation results
presented in Figure 4.5 some differences are observed. However, in general, the formation of
products and by-products followed a comparable trend. One significant difference is that the
SCyOOH at conversions < 2 % was lower than was observed for the cobalt-catalyzed oxidation
and autoxidation. This lower selectivity coincided with the formation of Cy=O and CyOH
immediately from the start of the reaction. At low conversion (< 2 %) a minimum in SCy=O was
observed. One other remarkable feature is that the gold-based catalysts caused the formation
of CO2 already at lower conversion than CO formation was observed. Moreover, CO2
formation was preferred over CO formation. This is contrary to observations during as well
the autoxidation as the cobalt catalyzed oxidation. The selectivities towards the other main
by-products, 6-hydroxycaproic acid and adipic acid, are comparable through all experiments,
although the gold-based catalysts exhibited a relative high adipic acid formation as compared
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Figure 4.5. Product selectivities versus conversion during cyclohexane autoxidation at 150 °C
and 1.2‑1.5 MPa pressure; untreated reactor (I), passivated reactor (II), Co2+ (III) and outlet oxygen
concentration (IV). SCy=O (◇), SCyOH (□), SCyOOH (△) and SC6 (○).

to 6-hydroxycaproic acid. In total, over 40 different products were found in the final reaction
mixture. Reduction of liquid phase samples with triphenyl phosphine revealed the presence
of different peroxide species, e.g. 6-hydroperoxo-caproic acid.[45] The presence of organic
acids was confirmed by extraction of the final oxidation mixture with NaOH (aq) prior to GC
analysis as is illustrated in Figure 4.11.[46]
Interestingly, combining a gold-based catalyst with 1.5 ppm dissolved Co2+ led to a
performance more or less being the average of the cobalt and the gold catalyzed process. This
is illustrated in Figure 5 IV for Au/SBA-15 combined with 1.5 ppm Co2+. The initiation of the
reaction was faster, reducing the time to reach 4 % conversion from 92 to 73 min. However,
the observed rate was lower than when solely 1.5 ppm Co2+ was used. Remarkably, the product
distribution mimicked the gold-based catalyst results rather than the results obtained with
dissolved cobalt salt. Whereas the cobalt catalyzed reaction first shows a build-up of CyOOH
(SCyOOH, initial = 60 %), in combination with a Au/SBA-15 catalyst a much lower SCyOOH, initial
(35 %) was observed in favour of the initial formation of CyOH (37 %) and Cy=O (24 %).
Additionally, a relative high adipic acid : hydroxy-caproic selectivity ratio and significant CO2
formation were observed. Both were shown to be typical for the gold catalyzed reaction (vide
supra). This suggests that the oxidation product and by-product formation is dominated by the
less efficient initiator, namely gold.
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Table 4.1. Cyclohexane oxidation results for gold-based catalysts at 423 K and 1.2-1.5 MPa referenced
to the autoxidation and the cobalt-catalyzed oxidation reaction. t4% = time passed until 4 % conversion
was reached. Selectivities and K/A-ratio are determined at 4 % conversion. For the cobalt catalyzed
oxidation reaction 1.5 ppm Co2+ was used.

Catalyst
Untreated reactor
Passivated reactor
Co2+
Au/SBA-15
Au/Al2O3
Au/TiO2
Au/F-SBA-co
Au/SBA-15 & Co2+
Au/TiO2 & Co2+

t4% (min)
104
184
46
92
115
121
130
73
77

Selectivity ( % )

K/A-ratio

Cy=O

CyOH

CyOOH

43
21
17
28
18
20
32
23
20

35
28
48
43
42
45
28
52
47

11
29
17
7
19
15
25
8
15

1.23
0.75
0.35
0.65
0.43
0.44
1.14
0.44
0.43

Figure 4.6. Product selectivities versus conversion during gold catalyzed cyclohexane
oxidation at 150 °C and 1.2-1.5 MPa pressure; Au/Al2O3 (I), Au/TiO2 (II), Au/SBA-15 (III) and
Au/SBA-15 + 1.5 ppm Co2+ (IV).
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Figure 4.7. K/A selectivity (a) and ratio (b) development with increasing cyclohexane conversion at
150 °C and 1.2-1.5 MPa. Autoxidation (■), Co2+ (╳), Au/Al2O3 (○), Au/TiO2 (△), Au/SBA-15 (◇).

The evolution of the SK/A and the K/A-ratio with increasing conversion for the different
cyclohexane oxidation reactions is presented in Figure 4.7. For all gold-based catalysts under
investigation the evolution of SK/A with increasing conversion followed the same trend as is
observed in the autoxidation reaction. The combined selectivity towards the products dropped
below 80 % already at 3.5 % conversion and decreased gradually with increasing conversion.
Comparing this to the cobalt catalyzed oxidation it is clearly visible that the SK/A is more
favourable in the latter case since a stable selectivity of ~ 80 % is maintained when the CyH
conversion increases from 5 to 10 %. In terms of K/A-ratio, the autoxidation in the untreated
reactor exhibited the best performance, yielding a K/A-ratio of 1.23 at 4 % conversion. This
was most probably caused by chromium present in the stainless steel reactor surface, which
is known to catalyze the dehydration of CyOOH into Cy=O.[6, 15, 47] Passivation of the reactor
resulted in a lower obtained K/A-ratio (< 1) typical for the autoxidation process.[16, 44, 48] In the
cases of the catalyzed reactions lower K/A-ratios were observed, i.e. 0.34 and 0.65 for Co2+
and Au/SBA-15, respectively. Note that the value of 0.34 for the cobalt catalyzed reaction is in
good agreement with the literature values for CyOOH decomposition in the presence of cobalt
salts, e.g. 0.45 for cobalt(II)methyl-hexanoate.[6, 10]
The influence off adding 1.5 ppm Co2+ to the Au/SBA-15 catalyzed oxidation reaction is
illustrated in Figure 4.8. When combining a gold-based catalyst with Co2+, both the SK/A and
the K/A-ratio became affected. Whereas the selectivity at 4 % conversion is improved with
5 % in the presence of cobalt, the K/A-ratio decreased significantly from 0.64 to 0.43 in the
case of Au/SBA-15 combined with Co2+. In the case of Au/TiO2 this effect was less apparent,
but unambiguously present.

Figure 4.8. Influence of cobalt and Au on the
SK/A (solid symbols) and K/A ratio (open symbols)
evolution with cyclohexane conversion at 150
°C and 1.2-1.5 MPa. Co2+ (▲), Au/SBA-15 (●),
Au/SBA-15 + Co2+ (■). 1.5 ppm Co2+ was used.
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Recently, Wu et al. reported on selective oxidation of cyclohexane over gold nanoparticles
supported on vinyl-functionalized SBA-15.[31] Based on catalytic performance data, they stated
that overoxidation was limited by the reduced interaction between the polar reaction products
and the hydrophobic vinyl functionalized SBA-15 surface. A consecutive catalytic reaction
mechanism based on hydrophobic/ hydrophilic interactions of reaction products with the
catalyst surface was presented. In a final attempt to reproduce literature results, we prepared
the hydrophobic Au/F‑SBA‑co catalysts as was described by Wu et al.[31] and subjected it to
catalytic testing in our reactor setup. The results obtained for this catalyst as compared to the
other gold-based catalysts are presented in Figure 4.9. As can be observed from the conversion
with time on stream plot in Figure 4.9 I, all catalysts develop a similar initiation period after
O2 introduction, before a significant conversion rate is observed. The Au/F‑SBA-co catalyst
being even more sluggish in comparison could well be an effect of the poor interaction of the
hydrophobic support and the polar peroxo-bond. In Figure 4.9 II the KA-selectivity versus
conversion is compared for the different catalysts. It can be clearly observed that, although
the Au/F-SBA-co catalyst exhibits a significant improvement of KA-oil selectivity compared
to more standard gold-based catalysts between 2 and 10 % conversion, all profiles follow a
similar trend. Also in this case, SK/A drops below 80 % already at 8-9 % conversion.

Figure 4.9. Cyclohexane conversion with time on stream (I) and KA-oil selectivity versus cyclohexane
conversion (II) during cyclohexane oxidation over different gold-based catalysts. Au/Al2O3 (○),
Au/TiO2 (△), Au/SBA-15 (◇) and Au/F-SBA-co (■).

4.3.3

Radical inhibition experiments

In order to find additional proof for the hypothesis that the gold-catalyzed oxidation
reaction in fact follows a radical-chain mechanism, the free-radical scavenger hydroquinone
(HQ) was added initially to the reaction mixture and, in a separate experiment, to the

Scheme 4.3. Mechanism of
free-radical scavenging by
hydroquinone. HQ reacting
with a hydroxy (a) or an
alkoxy radical (b) forming
benzoquinone.
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proceeding oxidation reaction. Hydroquinone can react according to Scheme 4.3 scavenging
all oxygen-centred radicals present, thus terminating the radical-chain.[40]
The effect of HQ addition on the product formation and O2 consumption is presented
in Figure 4.10. At 110 min on stream a small amount HQ, dissolved in CyH was added to
the reactor and the outlet O2 concentration increased rapidly from 3.1 to 5.0 % decreasing
to 3 % thereafter. At 150 min on stream when a conversion of 3.5 % was reached, a larger
amount of HQ (0.5 g dissolved in a 1:1 CyH : acetone mixture) was added and the outlet
oxygen concentration increased sharply to 7.5 %, almost equal to the inlet concentration. Also
the amount of products in the liquid phase remained constant between 165 and 195 min on
stream. It is evident that the cyclohexane conversion was completely inhibited after addition
of sufficient HQ to scavenge all free-radicals. The strong yellow colour of the liquid phase
samples after HQ addition indicated the formation of benzoquinone, confirming the reaction
as described in Scheme 4.3. A second experiment beheld the addition of HQ initially to
the reactor. After 180 min on stream a CyH conversion of 0.015 mol% was reached. Both
experiments together proof that the presence of free-radicals is required both in the initiation
as well as the propagation phase of the oxidation reaction.

Figure 4.10. Cyclohexane oxidation over Au/SBA-15 at 150 °C and 1.0-2.0MPa in the presence of
hydroquinone. CyH conversion (●), formation of Cy=O (◇), CyOH (□) and CyOOH (△) and outlet
O2 concentration (+). HQ was added at t = 110 min and t = 150 min.

4.4

Discussion

4.4.1

Discrepancies with literature results

In this chapter we have compared the performances of gold-based catalysts with the
classical dissolved cobalt salt and the autoxidation process in the selective oxidation of
cyclohexane. Based on TEM analysis we concluded that the Au-based catalysts under
study exhibited a similar particle size distribution as the catalyst materials employed for
cyclohexane oxidation reported in the open literature.[24-26, 28] Moreover, the applied method
of gold deposition is the most widely used procedure and has been proven to yield stable
catalyst materials with a small average particle diameter,[21, 49] which are highly active in a
wide variety of oxidation reactions e.g. propene epoxidation [38, 50-52] and partial oxidation of
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methanol.[53] Based on this we reason that the catalytic performance of these catalyst materials
in cyclohexane oxidation is expected to be at least comparable to what is reported in the
literature. By performing catalytic test reactions, it was observed that the Au-based catalysts
are fairly slow in the conversion of cyclohexane, even slower than the unpassivated stainless
steel reactor and the reaction exhibits an initiation period. All the main by-products that were
found in the gold-catalyzed oxidation process are known to form in a typical cyclohexane
autoxidation reaction.[11, 16] Moreover, the gold-based catalysts were found to be less selective
at increasing conversion as compared to the commercial alternatives and only show an
improvement of the K/A-ratio as compared to using a Co2+ initiator. When conducting the
oxidation experiments in the presence of a radical scavenger the conversion rate became nihil.
By performing a thorough product analysis of the cyclohexane oxidation reaction under
industrially relevant conditions it was found that gold-based catalysts do not establish high K/A
selectivities (> 90 %) at high conversions (> 10 %) as was reported in the open literature.[22-28]
Although the gold-based catalysts clearly play a role in directing the oxidation mechanism,
it is obvious that the reaction proceeds through a radical-chain mechanism. This is in full
agreement with the results published by Xu et al. showing that, at 70 °C, the oxidation reaction
over supported Au, Pd and Pt catalysts would only proceed when t-butyl hydroperoxide was
initially added as radical initiator.[35] A radical-chain mechanism directly explains the slow
initiation of the oxidation reaction by the gold-based catalysts. Since initiation proceeds
through a Haber-Weis cycle, the initiation rate strongly depends on the redox potential of the
metal. In this regards, gold is not likely to be an efficient initiator. Also, it was already reported
earlier that gold catalysts are inefficient in promoting hydrocarbon oxidation by oxygen due to
the lack of coordination of hydrocarbons with Lewis acid sites.[49] Our findings in cyclohexane
oxidation by Au-based catalysts are completely in agreement with above mentioned theories.
The reason for this strong deviation from the literature results can be attributed to the complex
but required product analysis procedure as was described in the experimental section. In what
follows, we will elaborate on these encountered complications.
(1) The experiments on gold-based catalysts as described in the literature are performed
in a closed batch reactor, which is cooled down and depressurized before collecting the
product mixture for analysis. When the reaction mixture is cooled to room temperature
before extracting the liquid phase sample, the solubility of various polar molecules (e.g.
formic acid, hydroxy-caproic acid and adipic acid) in cyclohexane decreases dramatically.
This complicates the product analysis in that respect that they adsorb on the heterogeneous
catalyst and the reactor interior, and care has to be taken to ensure that they are analysed.
Even addition of a solvent after reaction and stirring for 30 min is not sufficient to extract all
organics adsorbed on the catalyst. Therefore it is necessary to extract the liquid samples when
they are still at reaction temperature and dissolve them in a suitable solvent before analysis.
(2) The nature of the by-products causes complications during analysis as well. The
main important side product, CyOOH, is thermally unstable and readily decomposes upon
GC injection giving approximately equal amounts of cyclohexanone and cyclohexanol.[54]
To overcome this problem low temperature injection, reduction with triphenyl phosphine
and derivatization methods are reported.[16, 24, 54, 55] Furthermore, it is known that mono- and
poly-functionalized organic acids can strongly adsorb on the GC column during analysis,
causing broad and overlapping peaks, or in the worst case, do not elute from the column. In
very few cases the volatility of organic acids is sufficient to allow a direct GC analysis.[56]
The high boiling point of, for example, adipic acid (338 °C) will cause the molecules to
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(partially) precipitate already in the GC injector (220 °C). At conversions > 5 %, adipic acid
itself accounts for 5-10 % of all products and might not reach the detector. All of the above
illustrates the urge of derivatizing -OH containing compounds into trimethylsilyl or alkyl
esters prior to analysis. This makes the molecules less polar, more volatile and thermally
stable and therefore enables quantification by GC.[55, 57] The need to derivatize the liquid phase
samples before analysis is illustrated in Figure 4.11. Figure 4.11a shows a gas chromatogram
of a typical silylated cyclohexane oxidate at ~ 10 % conversion. Chromatogram 4.11b is the
same sample after extraction of the organic phase with NaOH (aq) whereas chromatogram
c represents the same sample lacking silylation treatment.[46] The resemblance between
chromatograms b and c is striking and shows how in particular the organic acids remain
invisible in GC analysis when not treated properly.
(3) Significant amounts of gas phase products (2-4 % of the converted CyH) are formed,
which will be lost when depressurizing the reactor. Thus, in order to obtain a complete carbon
balance, the gas phase should be monitored on-line as well.
(4) Due to the continuous gas feed and sample extraction there will be a significant
evaporation loss of cyclohexane during reaction. A complete mass balance therefore is not
possible to obtain directly from GC analysis and the total conversion thus has to be calculated
from the formation of products. In other words, the use of a suitable internal standard in the
reactor is inevitable.
In a solvent-free reaction, the conversion can only be determined indirectly from the
product formation. Therefore, not considering the above mentioned phenomena will lead to
an unnoticed incomplete mass balance and consequent misleadingly high selectivities. This is
illustrated in Figure 4.12 where two selectivity versus conversion plots for the same reaction
are compared. The lower trace represents the selectivity when all products are considered
in the calculation. The top trace corresponds to the selectivity when the C6-acids and gasphase products CO and CO2 are ignored in the selectivity calculations. The latter simulates
an inadequate product analysis when no silylation treatment and gas phase analysis are
performed. In the latter case a selectivity of 93 % is obtained at the final conversion of 11 %.

Figure 4.12. Comparison of the KA-oil selectivity versus cyclohexane conversion over Au/SBA-15
when all products are considered (●) and the C6-acids and the gasphase products are ignored (■).
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Figure 4.11. Gas chromatograms of the final liquid phase of a typical cyclohexane oxidation experiment
before (a) and after (b) extraction with 1M NaOH and an analysis without silylation (c). Some major
compounds are indicated. The internal standard biphenyl peaks was scaled to 1 for all chromatograms.
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4.4.2

Influence of gold-based catalysts on the oxidation mechanism

We observed that the Au-based catalysts have a clear influence on the radical-chain
mechanism and can compete with 1.5 ppm dissolved Co2+, which merely accelerated the
initiation, leaving the product distribution typical for gold. In the following section we will
discuss the influence of the Au-based catalysts on the autoxidation mechanism.
4.4.3

CO vs. CO2 formation

One significant difference in the autoxidation and cobalt catalyzed reaction is the high
SCO2 compared to SCO. CO formation was proposed by Hermans et al. to originate from the
slow decomposition of CH3-(CH2)4-C•=O under oxygen starvation, causing the formation
of mono-functionalized acids, namely valeric and butyric acid.[16] Indeed the formation of
CO coincides with the appearance of valeric and butyric acid. CO2 formation was in the
same publication ascribed to the unimolecular elimination of CO2 from an acyloxy radical
(•OC(=O)-(CH2)4C(=O)OH) leading via propagation reactions similar to hydroxy-caproic acid
propagation, to the formation of glutaric acid. The origin of the acyloxy radical was found in
propagation reactions of hydroxy-caproic acid. Indeed, when no Au-based catalyst is present

Figure 4.13. Evolution of by-products, hydroxy-caproic acid (solid symbols) and adipic acid (open
symbols) as function of the sum of all by-products formed in CyH oxidation at 150 °C and 1.2-1.5 MPa
over (I) Co2+, (II) Au/TiO2, (III) Au/TiO2 + Co2+ and (IV) Co2+ + TiO2.
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in the reactor an induction period for both CO2 and glutaric acid is observed, consistent with
the mechanism presented by Hermans et al.[16] However, when there is a gold-based catalyst
present, a significant increase in CO2 formation is observed and in addition CO2 formation
starts at an earlier stage in the reaction even before glutaric acid is observed. This can be
explained by the selective oxidation of CO to CO2 by the gold-based catalysts. These materials
are known to be very active catalysts for this particular reaction at the applied temperature and
again confirm that the catalyst materials under study are indeed active catalysts.[58, 59]
4.4.4

Hydroxy-caproic acid and adipic acid formation

Here we address the observed differences between the formation of the two main
oxidation by-products, hydroxy-caproic and adipic acid in a cobalt and gold catalyzed
cyclohexane oxidation. Hermans et al. identified hydroxy-caproic acid as the first by-product
in the cyclohexane autoxidation from which other by-products are formed. Adipic acid
formation starts with the αH abstraction from the alcohol functionality of hydroxy-caproic
acid by CyOO•, leaving an α-hydroxy-alkyl radical. This reaction was calculated to face a
high energy barrier. Therefore, the radical conversion of hydroxy-carpoic acid to adipic acid is
slow and occurs on the time scale of hours.[16] This explains the observed convex shape in the
evolution of hydroxy-carpoic acid as a function of the total amount of by-products as shown
in Figure 4.13 I. Adipic acid formation is initially lower, but evolves more or less linearly.
This means that for the cobalt catalyzed reaction, hydroxy-caproic acid is initially built up
and subsequently converted slowly into other oxidation products, mainly adipic acid. This
is in full agreement with and explains the observed fast initial drop in SK/A and subsequent
stabilization at ~ 80 % between 5 and 10 % conversion (Figure 4.7).
In the case of the gold-catalyzed reaction, hydroxy-caproic and adipic acid are observed
initially in almost equal amounts, as is shown in Figure 4.13 II. This indicates that adipic

Figure 4.14. FT-IR spectra of Au/Al2O3 fresh (a) & spent (b) and Au/SBA-15 fresh (c) & spent (d),
hydroxy-caproic acid (e) and adipic acid (f).
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acid here is rather a primary by-product then a secondary one.[60] Since both by-products
are initially observed in equal amounts, both formation rates must be of similar magnitude.
This implies that the dominant by-product formation mechanism differs in the presence of
a heterogeneous catalyst. In the case of the Au-catalyzed oxidation reaction, up to ~ 5 %
conversion, a linear decrease in SK/A is observed (Figure 4.7). This can directly be ascribed to
the observed enhanced hydroxy-caproic acid and adipic acid formation.
4.4.5

Combining Au and Co2+

As described in the results section and Figure 4.8, a combination of cobalt and a goldbased catalyst led to a performance being more or less the average of the fast cobalt and the
slow gold catalyst. However, there are two remarkable effects of adding a gold catalyst. First
of all, it is observed that the reaction using a gold-based catalyst as well as 1.5 ppm Co2+
exhibits slower initiation than Co2+ alone. Here the gold-based catalysts seemed to function
as an inhibitor rather than a catalyst. Secondly, it was observed that when both catalysts
were combined, although the influence of cobalt is obvious, the oxidation reaction more or
less mimicked the product selectivity characteristics of the gold catalyzed reaction. This is
illustrated by the hydroxy-caproic and adipic acid evolution in Figure 4.13 III which are
significantly enhanced in the presence of a gold-based catalyst. Both observations suggest
a somehow strong interaction between the Au-based catalyst and the propagating radical
intermediates, products or by-products. Strong adsorption of species on the catalyst surface
enables competition between the gold particles and the faster Co2+ mediated cage reactions.
Additionally, adsorption of hydroxy-caproic acid on the catalyst surface might facilitate the
αH-abstraction from hydroxy-caproic acid by CyOO•, by stabilizing the α-hydroxy‑alkyl
radical product, thus enhancing the adipic acid formation rate. In this way, gold-based catalysts
will be able to dictate the product and by-product formation. This hypothesis also explains the
observed relative low initial CyOOH selectivity favouring product formation.
The strong sorption of reaction intermediates was confirmed by introducing 0.75 g
TiO2 in the cobalt catalyzed reaction. The evolution of hydroxy-caproic and adipic acid
concentration are shown in Figure 4.13 IV and follow the trend as is observed for the gold
catalyzed reaction. This proofs that adsorption of intermediate oxygenate species strongly
influenced the by-product formation. The yellow/ brown colouring of the white TiO2 after
reaction (and even after dissolution of the reactor content in excess acetone) also indicates
strong adsorption of organics. The FT-IR spectra of the spent catalysts in Figure 4.14 reveal
additional bands around 2850-2950 cm-1, 1710 cm-1 and 1460 cm-1 resembling the spectra of
hydroxy-caproic and adipic acid, confirming the posed hypothesis.

4.5

Conclusions

The catalytic oxidation of cyclohexane with molecular oxygen over gold-based catalysts
was compared with the classic autoxidation and cobalt catalyzed processes. The different
gold-based catalysts under study did not show significant deviations in catalytic performance.
It was found that the gold-based catalysts are not efficient in initiating the reaction, which
resulted in a long induction period. The products and by-products formed during the gold
catalyzed oxidation of cyclohexane are typical for those found in the autoxidation and cobalt
catalyzed oxidation processes, although a higher product yield could be obtained with both
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processes. The K/A-ratios over gold-based catalysts are slightly higher compared to those
obtained with cobalt, however lower compared to the autoxidation and not near the 1.5 obtained
easily by catalytic CyOOH decomposition. In fact, the gold-based catalysts performed poorly
compared to the autoxidation and the cobalt catalyzed cyclohexane oxidation in terms of
selectivity, K/A-ratio and initiation rate. The low selectivity of the gold-based catalysts was
largely caused by the enhanced formation of hydroxy-caproic and adipic acid. Addition of a
free-radical scavenger to the reaction mixture initially and at 3.5 % conversion, completely
inhibited the oxidation reaction. Summarizing, we have found experimental evidence that
cyclohexane oxidation in the presence of gold-based catalysts is not a catalytic process, but
proceeds through a radical-chain mechanism well known from autoxidation. Consequently, it
is not possible to maintain a high selectivity at increasing cyclohexane conversion.
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Chapter 5

Selective Oxidation of Methane to Methanol
over Supported Gold-based Catalysts

Abstract

The potential of supported gold catalysts for the selective oxidation of methane to methanol
was investigated. A broad range of supported gold-based catalyst materials was synthesized
using reducible and non-reducible support materials. The catalyst materials were screened
for the production of methanol from methane and oxygen in the temperature range of
25‑400 °C. Although the formation of small gold nanoparticles was established for all
catalyst materials, only a very low activity for the total oxidation of methane was observed
at temperatures > 250 °C. Since no traces of partial oxidation products, such as methanol,
formaldehyde, formic acid, methyl formate, dimethyl ether and CO, were observed it was
concluded that supported gold catalysts are not able to selectively oxidize methane to methanol
under these experimental conditions.
* Based on: B. P. C. Hereijgers and B. M. Weckhuysen, ‘An Attempt to Selectively Oxidize Methane over
Supported Gold Catalysts’, Catalysis Letters (2011) doi: 10.1007/s10562-011-0674-3, in press.
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5.1

Introduction

The selective production of methanol from methane is generally considered as a ‘holy
grail’ in heterogeneous catalysis and crucial for the exploitation of natural gas reserves.[1]
Large natural gas reserves are still available and the proven world reserves are growing.[2]
Unfortunately, many of the world’s gas reservoirs are found at remote locations. This makes
their exploitation not economically feasible due to the high transportation and storage costs.
In addition, associated gas from oil fields often has a negative value to the producer and is
often re-injected or simply flared or vented.[3] The amount of flared and vented natural gas per
year is estimated to account for 5% of the annual world production.[4]
Liquefaction by efficient on-site oxy-functionalization of natural gas into methanol
would offer a solution for the transportation and storage problems and provide a suitable
feedstock for the production of high value hydrocarbons, as gasoline and light olefins, through
MTG/ MTO technology.[5, 6] Unfortunately, due to the high stability of methane, activation
of the strong C-H bond (439 kJ/mol) requires high temperatures. One commercial way of
utilizing methane as feedstock is by conversion into synthesis gas (H2/ CO mixture) by
autothermal reforming, steam reforming or dry reforming with CO2. These reactions are highly
endothermic and demand high temperatures, typically 800-950 °C, and pressure. Therefore,
although modern syngas plants are highly efficient (80 % of the thermodynamic efficiency is
easily achieved) the production of synthesis gas from methane is capital intensive and only
cost effective on large scale.[7]
Direct methane valorisation, surpassing the costly syngas production, still attracts major
attention in both academia and industry.[8-19] Although proof-of-principle studies have been
successful, it has not led to any commercial application of methane to methanol conversion
yet, mainly due to the low yields and high costs. The key factor in a direct conversion route
is to protect the formed methanol from over-oxidation.[1, 20] Therefore, much of the research
has focussed on conversion routes based on the formation of methyl esters as for example
in the form of methylbisulphate.[15, 21] Such methods have been reported however, it must be
noted that large amounts of sulphuric acid or SO3 are consumed (2 moles of SO3 per mole
of produced MeOH). In 1998, Periana et al. reported on a highly active catalyst system for
this reaction using a homogeneous platinum-bipyrimidine complex.[22] Turn-over numbers
of ~ 300 at 81 % selectivity towards methanol were achieved.[22] In 2010, Palkovits et al.
were the first to report on a solid catalyst system reaching superior activity as compared
to the Periana system.[16] The catalyst stability was still a challenge to overcome, but the
development of solid catalyst systems for the direct oxidation of methane to methanol thus
seems feasible. Although the bisulphate route offers a promising solution for overoxidation,
a direct catalytic oxidation route, using molecular oxygen as oxidant, would significantly
reduce the process costs and waste production and would therefore be preferred.
Gold catalysts have shown remarkable activities and selectivities in selective oxidation
of CO,[23-26] alcohols,[27-32] and olefins [33-35] already. These topics are covered by extensive
reviews, published in the last decade. [36-45] Also in the field of selective alkane oxidation,
gold catalysts have shown promising results. For instance Au/SiO2 has been shown to be
able to selectively oxidize methane to methanol in ionic liquids, using trifluoroacetic acid
and trifluoroacetic anhydride as acidic reagents and K2S2O8 as oxidant.[46] Also, a gas mixture
of CH4 and O2 was reported to selectively convert into formaldehyde at temperatures below
250 K when Au2+-clusters were introduced. A wide variety of supported gold catalysts have
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been reported to exhibit great performance in selective liquid phase cyclohexane oxidation.[4749]
Inspired by the promising results reported on selective oxidation of cyclohexane over goldbased catalyst materials,[49] in this publication we have investigated the potential application of
supported gold catalysts for the selective oxidation of methane into methanol. Unfortunately,
no indication of selective C-H bond activation was observed. In line with several recent
publications, these results cast doubts on the applicability of gold nanoparticles for selective
alkane oxidation.[50-56]
5.2.1

Catalyst preparation

The supports SiO2 (Engelhard), Al2O3 (Engelhard), ZSM-5 (Zeolyst), TiO2 (Degussa,
P25), ZrO2 (Degussa), CeO2 and Nb2O5 (ABCR) were used as received. The SBA-15 support
was prepared according to the procedure as described in Chapter 4.[57] A 1 wt% gold loading
was obtained by deposition precipitation of HAuCl4 in dilute HCl (Sigma Aldrich, 99.99 %
with dilute NH4OH (aq) (Merck, 25 %). The support was dispersed in 50 mL water and the pH
was adjusted to 9.5 with NH4OH (aq). The slurry was let to equilibrate by stirring for 30 min.
The gold precursor was diluted in 30 mL water and added dropwise to the support slurry, while
maintaining a constant pH. After addition, the slurry was stirred for an additional 30 min,
filtered and washed until no chloride was detected anymore with a AgNO3 (aq) solution. The
catalysts were dried at 60 °C overnight and calcined at 400 °C for 4 h.
5.2.2

Catalyst characterization

Diffuse Reflectance (DR) UV-Vis-NIR spectroscopy was performed on a Varian Cary 500
spectrophotometer with a DR setup using a white Halon standard for background subtraction.
N2-physisorption isotherms were measured using a Micromeretics Tristar 3000. Samples were
dried prior to analysis at 250 °C for at least 12 h. Transmission Electron Microscopy (TEM)
micrographs were taken on a Tecnai 20 microscope operating at 200 kV, equipped with an
energy dispersive X-ray (EDX) detector and high-angle annular dark field (HAADF) detector.
X-ray Fluorescence (XRF) analysis was performed on a Spectro X-Lab 2000.
5.2.3

Catalytic performance

The catalytic performance of the gold-based catalysts was evaluated in a quartz tubular
fixed bed reactor in the range of 25-400 °C (3 °C.min‑1). A 50 ml.min-1 flow containing 20 %
CH4 and 5 % O2 balanced with He was fed to the reactor. The effluent gas stream was analyzed
with a dual channel Interscience CompactGC equipped with Porabond Q and Molsieve 5MS
columns and TC detectors.

5.3

Results and Discussion

After calcination all catalyst materials exhibited an intensive pink to purple colour
caused by light absorption due to the surface plasmon resonance of colloidal gold particles.
[58]
In Figure 1, the UV-Vis-NIR DR spectra of the gold catalysts under study are presented,
clearly showing the typical absorption band at 500-550 nm. Figure 5.2 shows representative
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Figure 5.1. UV-Vis-NIR DR spectra of the different supported gold catalysts under study.

TEM micrographs of some catalyst materials. In the TEM images the gold particles are clearly
visible as dark gray dots. In Table 5.1, the average particle diameters and standard deviation
as obtained from the TEM images are listed. It was observed in that the case of Au/SiO2
besides small particles (~ 4 nm in diameter), also larger agglomerates and particles (~ 20 nm)
were formed, which is the result of the pore interaction between gold and SiO2. Also in the
case of the Au/ZSM-5 catalyst only very large gold particles (30-200 nm) were observed as
evidenced by the corresponding TEM micrograph shown in Figure 5.2 V.
The results of the temperature programmed reaction experiments are presented in Figure
5.3. The light-off temperature for methane oxidation over a Au/TiO2 catalyst material was
around 250 °C. Only the total combustion products CO2 and water were observed in very
small amounts and the methane conversion reached 0.8 % at 400 °C. When comparing the
performance of different catalyst materials on both reducible and non-reducible supports,
only slight shifts in light-off temperature were found, but in all cases only very low
conversions (< 1 %) were obtained at 400 °C, yielding CO2 as the only carbon containing
product. Depending on the support material and conditions, temperatures in the range of
250 - 400 °C have been reported for the onset of gold catalyzed methane combustion.[59-61]
In 2006, Solsona et al. reported on the use of gold catalysts for the total oxidation of low
concentrations (0.5 mol%) of hydrocarbons in air.[62] An onset for methane combustion of
around 150 °C was found for their most active Au/CoOx catalyst. In the light of these results,
it must be noted that, as reported in Chapter 2, methanol oxidizes over gold catalysts already
at ~ 80 °C.[31] Therefore, if small amounts of methanol would be formed, its survival under the
conditions needed for methane activation is questionable. In Table 1 the numerical results for
the different catalyst materials under study are summarized. No clear influence of the support
material on the activity, other than that low BET surface area materials generally yielded
larger particles and a lower activity, was found. This suggests that the activity is mainly a
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Figure 5.2. TEM micrographs of Au/ZrO2 (I),
Au/SBA-15 (II) Au/SiO2 (III) Au/TiO2 (IV)
and Au/ZSM-5 (V). Some Au particles and
corresponding diameters are indicated by arrows.

function of the gold particle size and the related number of Au surface atoms.[63] However,
due to the very low catalytic activity, there is no solid foundation for any conclusions on a
structure activity relationship.
The results reported here are in complete agreement with recently published results on
low temperature partial methane oxidation to synthesis gas over reference Au/TiO2, Au/Al2O3
and Au/ZnO catalyst materials from the World Gold Council and AUROliteTM, obtained in
another laboratory.[51-53] In addition, Grisel et al. reported in 2001 that, although the presence
of noble metal (Pt, Pd and Au) was essential for the combustion of methane, the rate limiting
C-H bond activation step was largely unaffected by the catalysts.[64] In a recent publication by

85

Chapter 5

Table 5.1. Catalyst characterization and performance in methane oxidation at 400 °C of different
supported gold catalysts.
Support
non-reducible
γ-Al2O3
SiO2
SBA-15
ZSM-5
reducible
TiO2
ZrO2
CeO2
Nb2O5

SBET
(m2.g-1)

Au loadinga
(wt%)

Dav/ σb
(nm)

Tlight-off
(°C)

C400 °C
(%)

235
306
470
134

0.8
1.3
n.d.
1

4.1 / 1.2
4.2 / 3.7
4.6 / 1.1
n.a.

280
225
225
360

0.25
0.58
0.48
0.067

47
5
low

1.2
0.8
0.8

3.6 / 1.4
3.9 / 1.4
n.a.

225
270
280

0.78
0.37
0.37

8

1

n.a.

>400

0

Determined from XRF.
b
Average particle diameter determined from TEM micrographs.
n.a. = not available
a

Figure 5.3. Results for temperature programmed methane oxidation over supported gold catalysts.
(I) Performance of Au/TiO2: Methane (╳), O2 (+), MeOH (△), CO2 (○) and water (□). (II) Methane
conversion versus temperature over different supported gold catalysts. Reactant flow composition: 5 %
O2 and 20 % CH4 in He, total flow 50 mL.min-1.

Lokesh et al. carbon and TiO2 supported AuPd bimetallic nanoparticles have been successfully
employed to selectively oxidize toluene.[54] However, the monometallic gold catalysts did not
show any activity in this reaction. Very recently the use of AuPd and AuPdCu based catalysts
for the liquid phase oxidation of methane with aqueous hydrogen peroxide was disclosed.
However, also in this case, the monometallic gold catalyst exhibited only very low activity
and selectivity.[56] In high temperature (750 °C) methane oxidation, gold was found to poison
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the methane coupling activity of MgO when present in a low concentration of 0.04 wt%.
At higher loadings the selectivity towards the formation of CO and CO2 increased.[50] In the
liquid phase selective oxidation of cyclohexane, gold catalysts have been reported to maintain
high selectivities even at conversion < 10%.[47, 49] However, by a thorough investigation of the
reaction mechanism as described in Chapter 4, we delivered proof for the occurrence of a
radical-chain autoxidation mechanism. In fact, de gold catalysts caused an even higher loss of
selectivity with increasing conversion as compared to the commercial autoxidation process.[55]
These results confirm the doubts on the potential of supported gold nanoparticles for selective
alkane oxidation, which is the main reason why we felt these results should be available in
the open literature.

5.4

Conclusions

Based on the results obtained we conclude that selective methane oxidation over
supported gold catalysts is not possible under the applied experimental conditions. This
finding was recently independently concluded in another laboratory as well, and confirms
the results described in Chapter 4 of this PhD thesis, that thus far, there is unfortunately no
experimental proof of C-H activation of hydrocarbons with oxygen on supported gold catalyst
materials.

Acknowledgements
Cor van der Spek and Marjan Versluijs-Helder (both from Utrecht University) are
thanked for the TEM and XRF analysis, respectively.

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

H. A. Wittcoff, B. G. Reuben, J. S. Plotkin, Chemicals from Methane in Industrial Organic Chemicals, 2nd
Ed., John Wiley & Sons Inc., Hoboken, New Jersey, 2004, 10.
J. M. Fraile, J. I. García, J. A. Mayoral, E. Vispe, J. Catal., 204 (2001) 146.
J. H. Lunsford, Catal. Today, 63 (2000) 165.
The World Bank, World Bank, GGFR Partners Unlock Value of Wasted Gas, 14 december 2009.
F. J. Keil, Microporous Mesoporous Mater., 29 (1999) 49.
K. Aasberg-Petersen, J.-H. Bak Hansen, T. S. Christensen, I. Dybkjaer, P. Seier Christensen, C. Stub
Nielsen, S. E. L. Winter Madsen, J. R. Rostrup-Nielsen, Appl. Catal. A: General, 331 (2001) 379.
J. R. Rostrup-Nielsen, J. Sehested, J. K. Nørskov, Adv. Catal., 47 (2002) 65.
R. A. Periana, D. J. Taube, E. R. Evitt, D. G. Loffler, P. R. Wentrcek, G. Voss, T. Masuda, Science, 259
(1993) 340.
R. A. Periana, E. R. Evitt, H. Taube, United States patent US5233113, 1993, Catalytica Inc.
R. A. Periana, D. J. Taube, H. Taube, E. R. Evitt, United States patent US5306855, 1994, Catalytica Inc.
A. M. Maitra, Appl. Catal. A: General, 104 (1993) 11.
O. V. Krylov, Catal. Today, 18 (1993) 209.
R. Raja, P. Ratnasamy, Appl. Catal. A: General, 158 (1997) L7.
M. Muehlhofer, T. Strassner, W. A. Herrmann, Angew. Chem. Int. Ed., 41 (2002) 1745.
D. E. De Vos, B. E. Sels, Angew. Chem. Int. Ed., 44 (2005) 30.
R. Palkovits, C. von Malotki, M. Baumgarten, K. Mullen, C. Baltes, M. Antonietti, P. Kuhn, J. Weber, A.
Thomas, F. Schuth, ChemSusChem, 3 (2009) 277.

87

Chapter 5
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]

88

N. V. Beznis, A. N. C. van Laak, B. M. Weckhuysen, J. H. Bitter, Microporous Mesoporous Mater., 138
(2010) 176.
N. V. Beznis, B. M. Weckhuysen, J. H. Bitter, Catal. Lett., 136 (2010) 52.
N. V. Beznis, B. M. Weckhuysen, J. H. Bitter, Catal. Lett., 138 (2010) 14.
R. H. Crabtree, Stud. Surf. Sci. Catal., 81 (1994) 85.
B. L. Conley, W. J. Tenn, K. J. H. Young, S. K. Ganesh, S. K. Meier, V. R. Ziatdinov, O. Mironov, J.
Oxgaard, J. Gonzales, W. A. Goddard, R. A. Periana, J. Mol. Catal. A: Chemical, 251 (2006) 8.
R. A. Periana, D. J. Taube, S. Gamble, H. Taube, T. Satoh, H. Fujii, Science, 280 (1998) 560.
M. Haruta, S. Tsubota, T. Kobayashi, H. Kageyama, M. J. Genet, B. Delmon, J. Catal., 144 (1993) 175.
M. Haruta, N. Yamada, T. Kobayashi, S. Iijima, J. Catal., 115 (1989) 301.
J. Guzman, B. C. Gates, J. Am. Chem. Soc., 126 (2004) 2672.
M. Valden, X. Lai, D. W. Goodman, Science, 281 (1998) 1647.
Y. Liu, H. Tsunoyama, T. Akita, S. Xie, T. Tsukuda, ACS Catal., 1 (2011) 2.
A. Abad, P. Concepción, A. Corma, H. García, Angew. Chem. Int. Ed., 44 (2005) 4066.
S. Biella, M. Rossi, Chem. Commun., (2003) 378.
S. Carrettin, P. McMorn, P. Johnston, K. Griffin, G. J. Hutchings, Chem. Commun., (2002) 696.
B. P. C. Hereijgers, B. M. Weckhuysen, ChemSusChem, 2 (2009) 743.
B. P. C. Hereijgers, T. M. Eggenhuisen, H. Talsma, K. P. De Jong, A. M. J. Van der Eerden, A. M. Beale,
B. M. Weckhuysen, J. Phys. Chem. C, 115 (2011) 15545.
S. Bawaked, N. F. Dummer, N. Dimitratos, D. Bethell, Q. He, C. J. Kiely, G. J. Hutchings, Green Chem.,
11 (2009) 1037.
M. D. Hughes, Y.-J. Xu, P. Jenkins, P. McMorn, P. Landon, D. I. Enache, A. F. Carley, G. A. Attard, G. J.
Hutchings, F. King, E. H. Stitt, P. Johnston, K. Griffin, C. J. Kiely, Nature, 437 (2005) 1132.
T. Hayashi, K. Tanaka, M. Haruta, J. Catal., 178 (1998) 566.
M. Haruta, Catal. Today, 36 (1997) 153.
G. C. Bond, D. T. Thompson, Catal. Rev., 41 (1999) 319.
M. Haruta, M. Daté, Appl. Catal. A: General, 222 (2001) 427.
G. C. Bond, Catal. Today, 72 (2002) 5.
M. Haruta, Chemical Record, 3 (2003) 75.
G. J. Hutchings, Catal. Today, 100 (2005) 55.
M. Haruta, Nature, 437 (2005) 1098.
A. S. K. Hashmi, G. J. Hutchings, Angew. Chem. Int. Ed., 45 (2006) 7896.
C. Della Pina, E. Falletta, L. Prati, M. Rossi, Chem. Soc. Rev., 37 (2008) 2077.
A. Corma, A. Leyva-Pérez, M. J. Sabater, Chem. Rev., 111 (2011) 1657.
T. Li, S. J. Wang, C. S. Yu, Y. C. Ma, K. L. Li, L. W. Lin, Appl. Catal. A: General, 398 (2011) 150.
G. M. Lü, R. Zhao, G. Qian, Y. X. Qi, X. L. Wang, J. S. Suo, Catal. Lett., 97 (2004) 115.
L. X. Xu, C. H. He, M. Q. Zhu, S. Fang, Catal. Lett., 114 (2007) 202.
R. Zhao, J. Dong, G. M. Lü, G. Qian, L. Yan, X. L. Wang, J. S. Suo, Chem. Commun., (2004) 904.
K. Blick, T. Mitrelias, J. Hargreaves, G. Hutchings, R. Joyner, C. Kiely, F. Wagner, Catal. Lett., 50 (1998)
211.
G. Walther, Methane Activation on Supported Gold Catalysts, PhD. thesis, Technical University of
Denmark (Kongens Lyngby, Denmark), 2008.
G. Walther, G. Jones, S. Jensen, U. J. Quaade, S. Horch, Catal. Today, 142 (2009) 24.
G. Walther, L. Cervera-Gontard, U. J. Quaade, S. Horch, Gold Bull., 42 (2009) 13.
L. Kesavan, R. Tiruvalam, M. H. Ab Rahim, M. I. bin Saiman, D. I. Enache, R. L. Jenkins, N. Dimitratos,
J. A. Lopez-Sanchez, S. H. Taylor, D. W. Knight, C. J. Kiely, G. J. Hutchings, Science, 331 (2011) 195.
B. P. C. Hereijgers, B. M. Weckhuysen, J. Catal., 270 (2010) 16.
J. A. Lopez-Sanchez, N. Dimitratos, R. J. Jenkins, A. F. Carley, D. J. Willock, S. H. Taylor, G. Hutchings,
World Patent WO051642, 2011.
D. Y. Zhao, Q. S. Huo, J. L. Feng, B. F. Chmelka, G. D. Stucky, J. Am. Chem. Soc., 120 (1998) 6024.
M. C. Daniel, D. Astruc, Chem. Rev., 104 (2004) 239.
A. C. Gluhoi, B. E. Nieuwenhuys, Catal. Today, 119 (2007) 305.
R. D. Waters, J. J. Weimer, J. E. Smith, Catal. Lett., 30 (1995) 181.
R. J. H. Grisel, B. E. Nieuwenhuys, Catal. Today, 64 (2001) 69.
B. E. Solsona, T. Garcia, C. Jones, S. H. Taylor, A. F. Carley, G. J. Hutchings, Appl. Catal. A: General,
312 (2006) 67.
R. J. H. Grisel, P. J. Kooyman, B. E. Nieuwenhuys, J. Catal., 191 (2000) 430.
R. J. H. Grisel, J. J. Slyconish, B. E. Nieuwenhuys, Top. Catal., 16-17 (2001) 425.

Part III
Olefin Epoxidation with Cyclohexyl
Hydroperoxide

Chapter 6

Cyclohexene Epoxidation with Cyclohexyl
Hydroperoxide: A Catalytic Route to Largely
Increase Oxygenate Yield from Cyclohexane
Oxidation*

Abstract

The industrially important deperoxidation reaction of cyclohexyl hydroperoxide was
combined with the epoxidation of cyclohexene over a series of mesoporous titanium
silicates. The process was found to proceed with high selectivity, forming cyclohexanol,
cyclohexanone and cyclohexene oxide. The deperoxidation and epoxidation reactions were
found to compete. However, by changing the surface hydrophobicity of the catalysts or
the applied olefin/ peroxide ratio, the overall mechanism could be directed in favour of the
epoxidation. In this way, the combined selectivity towards valuable alicyclic oxygenates from
cyclohexane oxidation based on peroxide conversion could be increased up to 170 %. The
catalyst stability was assessed by hot-filtration and recycling experiments. No indication for
leaching or deactivation was found.
* Based on: B. P. C. Hereijgers, R. F. Parton and B. M. Weckhuysen, ‘Cyclohexene Epoxidation with
Cyclohexyl Hydroperoxide: A Catalytic Route to Largely Increase Oxygenate Yield from Cyclohexane
Oxidation’, ACS Catalysis 1 (2011) 1183 - 1192.
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6.1

Introduction

The selective oxidation of cyclohexane to a mixture of the corresponding ketone and
alcohol (KA-oil) is a key step in the production of nylon-6 and nylon-6,6 polyamides, with
a production of over 106 tons per year.[1, 2] In a one-pot approach, cyclohexane is oxidized
at 150-170 °C under O2 pressure, yielding cyclohexyl hydroperoxide (CyOOH) as the first
intermediate, which decomposes in the presence of a transition metal salt via a complex
radical-chain reaction into both the desired ketone and alcohol. Due to the occurrence of a
radical-chain mechanism, by-product formation is excessive and commercially the process is
kept at 4 % conversion, achieving a KA-oil selectivity (SKA) of 70-85 %.[2-5] In an alternative
two-step process, commercially applied by DSM (OxanonTM), cyclohexane is oxidized with O2
into an oxidate mixture containing mainly CyOOH (0.1-8 wt %), and smaller amounts of the
decomposition products and acids.[6] Catalytic decomposition of CyOOH over a homogeneous
cobalt salt in a subsequent reaction yields KA-oil with a higher overall selectivity. The main
drawback of the latter approach is the consumption of large amounts of alkaline solutions
in the decomposition step to neutralize the formed carboxylic acids.[6] Although extensive
research on the development of efficient and stable heterogeneous and biomimetic catalyst
systems has been conducted during the last decades, no breakthrough leading to novel applied
catalyst systems has been achieved, as is also described in Chapter 4.[1, 5, 7-10]
In this chapter we present a new catalytic process to largely increase the alicyclic
oxygenate yield of CyOOH decomposition by combining the deperoxidation reaction with the
epoxidation of cyclohexene (Cy=H) to form a mixture of KA-oil and cyclohexene oxide (CyO)
over titanium-silica based catalyst materials, as illustrated in Scheme 6.1. The formed CyO
can be distilled off as a valuable industrial intermediate for fine-chemicals production,[11-14]
but can as well be converted by hydrogenolysis into cyclohexanol (CyOH),[15] or isomerized
to cyclohexanone (Cy=O)[16, 17] for downstream processing into adipic acid or ε-caprolactam,
respectively.[18] The remainder cyclohexene can be hydrogenated into cyclohexane and
recycled into the oxidation stage, thus avoiding a complicated cyclohexane/ cyclohexene
separation step. The presented process has implications for the production of a wide variety
of epoxides from other olefins as well.[19]

Scheme 6.1. The novel catalytic tandem process and the commercially applied route of CyOOH
deperoxidation.

6.2

Experimental

6.2.1

Catalyst materials

SBA-15 was prepared by the procedure as described by Zhao et al.[20] (see also
experimental section of Chapter 4) and MCM-41 was synthesized according to the method
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by Cheng et al.[21] Titanium grafted SBA-15 materials (in sample code: Ti-G#-SiO2, # = Si/Ti)
were prepared in a glovebox under N2 atmosphere. An amount of titanium-isopropoxide
(Ti‑i(OC3H7)4 Sigma Aldrich 99 %) to achieve the desired Si/Ti ratio (Si/Ti = 20, 40, 80 and
120) was dissolved in anhydrous isopropanol and impregnated on SBA‑15 using the wetness
method (3.3 ml ipropanol per g of SBA-15 was applied). The solvent was removed by drying
under N2 flow at room temperature for 48 h followed by calcination at 400 °C for 4 h.[22, 23] As
reference materials TiO2 P25 (Degussa), TS-1 and Ti-BEA were used. For the experiments
using Co2+, cobalt-methylhexanoate (Sigma Aldrich, 65 wt % in mineral spirits) was used.
6.2.2

Catalyst characterization

Diffuse Reflectance (DR) UV-Vis spectra were recorded on a Varian Cary 500
spectrophotometer in the range of 200-800 nm using a Halon white standard as reference
material. Thermogravimetric analysis (TGA) was performed on a TA Instruments Q50
apparatus in a N2 flow. N2-physisorption measurements were done on a Micromeretics Tristar
3000 analyzer. Prior to analysis the samples were dried at 250 °C for at least 12 h. Small Angle
X-ray Diffractrion (XRD, 2θ = 0.7 – 5°) was performed on a Bruker AXS D2 Phaser apparatus
using a CoKα radiation source (λ = 1.78897 Å) operating at 30 kV and 10 mV.
6.2.3

Catalytic performance

Batch catalyst tests were performed in a 100 ml round-bottom flask equipped with a
reflux condenser and septum. 15 g of a 2 wt% cyclohexyl hydroperoxide (2.6 mmol CyOOH)
solution in cyclohexane (Sigma Aldrich, 99 %) containing 1 mol% biphenyl and the amount
of cyclohexene (Sigma Aldrich, 99 %) for the desired olefin/ peroxide (O/P) ratio was loaded
into the reactor together with 50 mg catalyst and placed in an oil bath at 80 °C. For the reference
reactions an amount of H2O2 (aq) (Sigma Aldrich, 35%) and tbutyl hydroperoxide (aq) (TBHP,
Sigma Aldrich, 70%) were used. Aliquots were taken from the reactor with a syringe through a
septum during reaction and quenched in pyridine (Sigma Aldrich, 99 %) pre-cooled at -20 °C.
Prior to analysis, liquid samples were silylated with N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA, ABCR, 98 %). The silylated samples were analyzed by GC-FID using
a Varian 430 GC, equipped with a VF-5ms column (30 m, DF = 0.25 μm, I.D. = 0.25 mm)
in split/ splitless injection mode. The injector temperature was set to 220 °C. The specific
detector response with respect to biphenyl was predetermined for all main products and byproducts as noted in Chapter 4.[8]
6.2.4

Cyclohexyl hydroperoxide extraction

The cyclohexyl hydroperoxide was extracted from cyclohexane oxidate provided by
DSM. First 250 mL oxidate was extracted 3 times with 50 mL 1 M NaOH (Merck, p.a.). The
water phase was neutralized with cooled 4 M HCl (Merck, p.a.) until slightly acidic. Then,
the water phase was extracted 3 times with ~ 30 mL cyclohexane and and dried over MgSO4
(Janssen Chimica, pure). Eventually ~1 mol % biphenyl (Acros. 99 %) was added to determine
the CyOOH concentration by GC, followed by dilution with cyclohexane to obtain a 2 wt%
solution of CyOOH. The starting reaction mixture typically contained some impurities i.e.,
0.2 mol% CyOH, 0.1-0.2 mol% Cy=O, 0.01 mol% butyric acid, 0.08 mol% valeric acid and
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0.08 mol% caproic acid coming from the oxidate and 0.03 mol% cyclohexenyl hydroperoxide
from cyclohexene.

6.3

Results and Discussion

6.3.1

Catalyst characterization

There is general consensus in literature that isolated tetrahedral Ti4+ species are involved
in the epoxidation of for instance propylene with hydrogen peroxide over titanium-silicalite
catalyst materials. One of the possible functions the isolated titanium centres have is the
formation of titanium hydroperoxo species (Ti‑OOH) which are, one way or another, involved
in the epoxidation process.[24-26] Diffuse Reflectance (DR) UV-Vis spectroscopy provides a
sensitive tool for the characterization of the coordination environment of Ti4+ species.[22, 27-30]
Figure 6.1 shows the UV-Vis DR spectra of the fresh Ti-Si catalyst materials. Plain SBA-15
is included as a titanium free reference compound, TiO2 P25 as the bulk reference compound
with Ti4+octahedrally coordinated and Ti-BEA as a tetrahedral Ti4+ reference compound. An
absorption band at 210 nm is clearly visible for the Ti-BEA material, which is characteristic for
the presence of isolated Ti4+ species in tetrahedral coordination, exhibiting a strong absorption
band in the UV-region due to the ligand-to-metal charge transfer (LMCT) of oxygen to a
titanium centre.[22, 23, 31, 32] For the titanium grafted SBA-15 materials this absorption band is
slightly shifted to 220 nm, indicating a distorted tetrahedral geometry, a direct consequence
of the amorphous walls of SBA-15.[23, 29, 30, 33] The UV-Vis DR spectra of Ti‑G80‑SBA and
Ti-G120-SBA overlapped completely.

Figure 6.1. UV-Vis DR spectra of fresh
Ti-SiO2 materials: SBA-15 (a), Ti-BEA
(b), Ti-G120-SBA and Ti-G80-SBA
(c), Ti-G40-SBA (d), Ti‑G20-SBA (e),
TiO2 P25 (f) and Ti-G120-SiO2 (dotted
line).

Next to this absorption band a shoulder with a maximum around 250 nm is visible. This
absorption band can be ascribed to Ti species in five-fold and six-fold coordination due to the
coordination of one or two water molecules,[23, 29, 30] but is also ascribed to the occurrence of
Ti-O-Ti oligomers.[28] However, the position of the absorption edge at 330 nm corresponds to
the position found for Ti-BEA and no shift in the edge energy is observed when increasing
the Ti loading in the Si/Ti range of 120 - 40. This indicates that in this range, the coordination
is independent of the loading and therefore it is concluded that at least the majority of the Ti
population is present as isolated species. For the Ti-G20-SBA and Ti-G120-SiO2 materials the
LMCT band became broader and red-shifted to 280-290 nm. Additionally, the edge energy
shifted to 360 nm, indicating that the Ti4+ sites are no longer completely isolated, but exist as
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Ti-O-Ti oligomers.[28, 34] The broad absorption band between 350 – 400 nm, as is observed for
TiO2 P25, is absent for all samples indicating the absence of extra framework TiO2 in the Ti/Si
materials.[27, 31, 34] This is in agreement with results published by Gao et al., who only found the
formation of anatase at loadings exceeding 15 wt% TiO2 on a SiO2 aerogel.[22]
Table 6.1. TGA results of different SBA-15 and MCM-41 based Ti-grafted materials. Weight loss 1
represents the first heating stage to 150 °C, while weight loss 2 represents the second heating stage to
500 °C.

Catalyst

Weight loss 1 ( %)

Weight loss 2 ( %)

SBA-15
MCM14
Ti-G40-SBA
Ti-G80-SBA
Ti-G80-MCM
SBAp900
Ti-G80-SBAp900

10.2
0.85
10.4
9.5
7.8
0
1.0

1.4
1.2
0.2
0.3
1.1
0
0

Upon calcination of the support material at 900 °C prior to (SBAp900) and after
(SBAc900) Ti‑grafting, surface hydroxyl groups are removed from the SBA-15 surface. This
leads to a more hydrophobic character of the support material as was verified by TGA,[35]
the results of which are summarized in Table 6.1. When heating the sample to 150 °C, the
physisorbed water desorbs from the sample, resulting in a weight loss of 10.4 wt % for assynthesized SBA-15. In the second heating stage to 500 °C, also the surface hydroxyls will
desorb as water vapor.[35, 36] For the bare SBA-15 material this resulted in a weight loss of
1.4 wt%. After grafting Ti onto the surface of SBA-15 the amount of physisorbed water
seems merely unaffected as evidenced from the weight loss at 150 °C for the Ti-G40-SBA
and Ti-G80-SBA materials of 10.4 and 9.5 wt%, respectively. However, the amount of surface
hydroxyls has significantly decreased due to reaction of the titanium atoms with the surface
hydroxyl groups.[22] When comparing the UV-Vis DR spectrum of Ti-G40-SBA to Ti‑G80‑SBA
in Figure 6.2, a decrease in intensity of the absorption band at 250 nm is observed. Since the
higher Ti loaded sample is expected to have a higher number of Ti-O-Ti oligomers and thus
an increased absorption in the higher wavelength region as compared to the lower loaded
Ti‑G80-SBA material,[22, 30] this indicates that the absorption band is indeed caused by sample
hydration rather than the presence of Ti-O-Ti bonds.

Figure 6.2. UV-Vis DR spectra of Ti-G80-SBA (a),
Ti-G40-SBA (b), Ti-G80-SBAp900 (c) and Ti-G80MCM (dotted line).

95

Chapter 6

From the TGA results it is obvious that after calcining SBA-15 at 900 °C and
equilibration in air, almost no physisorbed water is anymore present in the sample. Moreover,
also the surface hydroxyl groups are removed, which results in a more hydrophobic support
material. After Ti-grafting, this still holds, as only 1.0 wt% water is released from the sample
below 150 °C and no significant change in sample weight was observed when heating to
500 °C. The decrease in physisorbed water is also reflected in the corresponding UV-Vis DR
spectrum (Figure 6.2) as the shoulder at around 260 nm has largely decreased in intensity for
the Ti‑G80-SBAp900 sample. Following the same reasoning, from TGA weight loss and the
UV-Vis DR spectra, it can be concluded that the Ti-G80-MCM material is more hydrophobic
when compared to SBA-15.
By relating the N2-physisorption data to the TGA results, surface OH group densities can
be obtained for the different materials, which are listed in Table 6.2. It is confirmed that indeed
the surface OH group concentration decreased significantly upon Ti grafting from 1,0 nm-2
to 0.46 nm-2. Upon high temperature treatment the surface OH-group density decreased to
virtually zero. The obtained numbers are in good agreement with results published earlier.[35]
The OH-group density of the SBAp900 sample did not change after Ti-grafting and storage
in air, indicating that the silanol bridges formed during high temperature treatment are stable
against rehydration by moisture and isopropanol. Comparison with the surface OH-group
density of the commercial high surface area silica gels by Davicat of 2.7 nm‑2 and 2.9 nm-2
illustrates the relative hydrophobic nature of the catalytic materials.
Table 6.2. N2-physisorption data of the SBA-15, Ti-G40-SBA and SBAp900 materials and surface
OH‑group density as derived from N2-physisorption and TGA.[35] The Davicat silica gels are included
as hydrophilic references.

Material

BET surface
area
(m2/g)

Total pore
volume
(cm3/g)

Pore
diameter
(nm)

OH-group
density
(nm-2)

MCM-41
SBA-15
Ti-G40-SBA
SBAp900
Ti-SBAp900
Davicat SI1351
Davicat SI1404

1002
879
535
270
308
328
458

0.97
1.0
0.64
0.34
0.37
1.2
0.87

4.0
6.1
5.9
4.9
4.8
14
7.6

0.69
1.0
0.46
< 0.05*
< 0.05*
2.7
2.9

based on a weighing precision of 0.01% for the TGA instrument.

*

The change in surface area of the materials after Ti-grafting and high temperature
treatment has been verified by N2-physisorption. The isotherms and pore size distributions
of some relevant materials are presented in Figure 6.3 I and II. Numerical results are listed
in Table 6.2. Comparison of the isotherms of SBA-15 (a) and Ti-G40-SBA (b) indicates that
upon Ti-grafting some surface area and pore volume is lost. This is reflected by a decrease of
the BET surface area from 880 to 535 m2/g. However, the porous structure remains largely
intact as can be concluded from the shape of the hysteresis loop, the position of the capillary
condensation and the sharp pore size distribution. This indicates that no TiO2 particles are
formed, as those would affect the pore shape and diameter significantly and thus change the
shape and position of the hysteresis. The loss in surface area after Ti grafting can be explained
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Figure 6.3. N2-physisorption isotherms (I) and pore size distribution (II) of the SBA-15 (a),
Ti-G40‑SBA (b) and SBAp900 (c) materials.

by the SBA-15 pore corrugation[37] and pore wall porosity. By grafting, the titanium ions attach
on the silanol groups on the pore surface.[22] Most likely they anchor in between the ridges of
the SBA-15 mesopores and within the microporous walls, to obtain a tetrahedral coordination
more easily. In this way, the rugged surface of the pore is flattened and micropores are filled
resulting in a loss of surface area, while leaving the average mesopore diameter virtually
unaffected. In the case of SBAp900, the BET surface area and pore volume have largely
decreased as well, however the SBA-15 structure is preserved as indicated by the hysteresis
loop and the sharp pore size distribution. The structural shrinkage and consequent decrease of
surface area and pore diameter of SBA-15 after high temperature treatment was also observed
by Shin et al.[38]
Preservation of the SBA-15 structure after Ti-grafting on the SBA-15 support was also
confirmed by XRD. The XRD patterns of SBA-15 and Ti-G40-SBA are shown in Figure 6.4.
In both patterns the (001), (110) and (200) Bragg reflections are present at 2θ values 1.05°,
1.81° and 2.09° confirming the hexagonal symmetry (P6mm) of the pores.[20, 39]

Figure 6.4. Powder XRD patterns of
the calcined SBA-15 and Ti-G40-SBA
materials.
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Figure 6.5. Catalytic performance of Ti-G40-SBA (I) and Ti-G80-SBA (II) in Cy=H epoxidation with
CyOOH at 80 °C and an O/P ratio of 1.1. K/A/O (■) represents the sum of CyOH, CyO and Cy=O.

6.3.2

Catalytic performance

The conversion and selectivity of a cyclohexene epoxidation reaction versus time on
stream for the Ti-G40-SBA (I) and Ti‑G80‑SBA (II) catalyst materials are presented in Figure
6.5. It was observed that the CyOOH conversion (CCyOOH) levelled off with time on stream,
which is in line with the quasi first order kinetics in CyOOH concentration as reported before.
[40, 41]

The selectivity towards CyOH and CyO, the expected products of the epoxidation
reaction, was high immediately from the start of the reaction and reached 84 % and 67 %,
and 69 % and 54 % for Ti-G40-SBA and Ti-G80-SBA, respectively. In both cases the
production of Cy=O was low, but increased with time on stream. For the more selective
Ti‑G40-SBA catalyst, the Cy=O formation is significantly lower as compared to Ti-G80-SBA.
Other reactions that might occur under these conditions are the allylic oxidation, yielding
cyclohexenol and cyclohexenone and the hydrolysis of the epoxide into 1,2-cyclohexyldiol.
Of those, only cyclohex-2-ene-1-one and cyclohexenyl hydroperoxide were observed in

Figure 6.6. The formation of by-products in the cyclohexene epoxidation with CyOOH over
Ti‑G80‑SBAp900 at 80 °C.
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small but significant quantities (2-7 % selectivity). Also the formation of organic acids was
negligible (>> 1 %) as is illustrated in Figure 6.6.
In Table 6.3, the results as obtained for different SBA-based Ti-silicates and benchmark
materials TiO2 P25, Ti-BEA and Co2+ after 24 h reaction are summarized. The archetype
TS-1 epoxidation catalyst was employed as well, reaching only 5.5 % conversion after 24
h reaction. This low activity is ascribed to the pore size of the MFI topology (5.5 x 5.1 Å),
which is of similar dimensions as the kinetic diameter of the peroxide and the solvent (5.8 Å
for cyclohexane).[42]
Table 6.3. Catalytic performance of different Ti/Si catalyst materials in the epoxidation of cyclohexene
with CyOOH at 80 °C. Conversion and selectivities after 24 h reaction are listed. The applied
Cy=H: CyOOH ratio was 1.1. Reported selectivities are based on CyOOH conversion only.

Catalyst

CCyOOH

CCy=H

CyOH

Cy=O

CyO

Co2+
Ti-BEA
TiO2 P25
Ti-G120-SBA
Ti-G80-SBA
Ti-G40-SBA
Ti-G20-SBA

61
41
33
68
68
61
59

46
49
54
60
59
67
57

88
82
60
68
69
87
74

46
31
32
39
32
19
31

5.5
42
14
48
49
57
39

Ti-G120-SiO2

51

58

87

24

58

We employd our Ti-grafted SBA-15 catalyst materials for epoxidation with aqueous
H2O2 and TBHP as well. The results of a reaction with TBHP in cyclooctane are presented
in Figure 6.7. It was observed that the apolar reaction medium and aqueous TBHP solution
phase-separated, which prevented an adequate mixing between the catalyst, olefin and
hydroperoxide. Therefore, only a very low activity was obtained. The main product was
cyclooctyl hydroperoxide, originating from solvent oxidation.

Figure 6.7. Amounts of the different species present in the reactor in mmol during cyclohexene
epoxidation with TBHP over Ti-G40-SBA at 80 °C.
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6.3.3

Influence of the support hydrophobicity

In section 6.3.1, we described the influence of the calcination temperature and Ti/Si
ratio on the support hydrophobicity, as was determined from the water and surface hydroxyl
group content of the treated SBA-15 materials by TGA. Obviously, in a reaction where
polar (CyOOH) and nonpolar (Cy=H) reactants react in an apolar medium (CyH) producing
polar products, the hydrophilic/ hydrophobic properties of the catalyst surface are of major
importance. Those characteristics determine the interaction of different species with the active
sites, but also the concentration ratios of the different species at the active sites, which can be
completely different as compared to the bulk.
In Figure 6.8 (I), the CyOOH conversion and combined selectivity towards CyOH,
Cy=O and CyO versus time is shown. It is clear that the more hydrophobic SBA-15
supports establish a higher initial conversion rate, although the final conversion after 24 h is
comparable for all catalysts. The Ti-G80-MCM catalyst reaches the highest initial conversion
rate, which cannot solely be explained in terms of surface hydrophobicity. Indeed, the TGA
results indicate that the MCM-41 support is less hydrophobic compared to the SBAp900. Also
a significantly higher selectivity is obtained over the more hydrophobic catalysts. The total
selectivity to alicyclic oxygenates at 5 h on stream was increased from 127 % to 157 % when
using a SBA‑15 catalyst support calcined at 900 °C. For all catalysts except Ti-G80-SBA the
selectivity up to 5 h on stream is similar, after which some deviations appear. The highest
selectivity after 24 h of 165 % is obtained with a Ti-G80-SBAc900 catalyst.

Figure 6.8. Influence of (I) the catalyst surface hydrophobicity at O/P = 1.1 and (II) the applied O/P ratio
over Ti-G80-SBAp900 on the conversion (open symbols) and total selectivity (solid symbols).

6.3.4

Influence of the O/P ratio

In order to optimize the reaction conditions we have evaluated the influence of the
applied bulk Cy=H/ CyOOH, or O/P ratio. Based on reaction stoichiometry, a ratio of 1 would
be expected to be ideal only under ideal circumstances when solely epoxidation takes place.
When also a deperoxidation reaction is taking place, a different ratio might be beneficial.
From the results for Ti-G80-SBAp900 as presented in Figure 6.8 (II), it is observed that
when increasing the O/P ratio from 0.9 to 1.1, no significant change in selectivity is observed.
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However, when increasing the O/P ratio to 1.4, the total selectivity is boosted up to 170 % at
24 h on stream. This coincided with a significant decrease in Cy=O selectivity from 45 to 19 %.
Remarkably, the O/P ratio does not have an effect on the CyOOH conversion rate. Similar
results where obtained for the more hydrophilic Ti-G80-SBA. In the case of Ti‑G40‑SBA,
increasing the O/P ratio from 1.1-1.2 to 1.4 had an adverse effect on the selectivity decreasing
from 164 to 144 %. The data is shown in Figure 6.9.

Figure 6.9. Influence of the applied O/P ratio on the catalytic performance of Ti-G80-SBA (I) and
Ti‑G40-SBA (II).

6.3.5

Catalyst stability

Especially in liquid phase reactions, heterogeneous catalysts can be susceptible to
deactivation by severe leaching of the active species. For instance, in cyclohexane oxidation
many proposed heterogeneous catalyst systems were found not to be truly heterogeneous. A
small amount of dissolved transition metal ions can cause significant activity in hydroperoxide
decomposition.[6]. We have shown before that 1.5 ppm dissolved Co2+ and even leached ions
from a stainless steel vessel wall, exhibit high activity in cyclohexane oxidation.[8]
From the UV-Vis DR spectra of a fresh catalyst compared to a spent catalyst as
presented in Figure 6.10, it is clear that the absorption band at 220 nm, corresponding to the
isolated Ti-sites, did not decrease after reaction. The absorption band at 250 nm however,
increased significantly, indicating that a larger part of the Ti-sites now is in five- and six-fold
coordination, possibly due to water coordination. The band at 358 nm has been ascribed to the
presence of Ti-OOH species before.[32, 43] Nonetheless, it appears that the grafted Ti-species
were not subject to severe leaching or sintering. However, it was stated by Sheldon et al. that
true heterogeneity can only be proven by separating the catalyst from the reaction mixture.[44]
In the case of a true heterogeneous catalyst, the reaction should proceed significantly slower
after removal of the catalyst. To prevent re-adsorption of leached active metal ions on the
catalyst upon cooling the reaction mixture, ‘hot-filtration’, should be applied. Figure 6.11
shows the results of an experiment with Ti-G40-SBA. After 90 min reaction, the reaction
mixture was filtered hot through a preheated filter, collected in an ice-cooled flask to prevent
excessive evaporation and immediately placed back in the oil bath for further reaction. After
removing the catalyst, the CyOOH conversion rate constant decreased one order of magnitude
from kCyOOH = 4.4∙10‑5 s-1 in the presence of a catalyst, to kCyOOH = 5.0∙10-6 s-1 after separating the
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catalyst from the reaction mixture.
Moreover, no significant epoxidation
activity was observed after removal
of the catalyst. On the other hand,
the decomposition rate was larger
than the value for a pure thermal
decomposition in the absence of a
catalyst and cyclohexene, which was
determined at kCyOOH = 1.2∙10-6 s-1.
This suggests that after separating
the catalyst from the mixture
Figure 6.10. UV-Vis DR spectra of fresh (solid line)
some leached Ti-species, or finely
and spent (dotted line) Ti-G80-SBA before and after an
dispersed catalyst particles, that
epoxidation reaction for 24 h at 80 °C.
can decompose the hydroperoxide
remained. Then again, after removal
of the catalyst a steep increase in the allylic oxidation rate was observed. The decomposition
of the less stable cyclohexenyl hydroperoxide and radical attack on the olefin contribute to a
higher free radical concentration that will accelerate the CyOOH decomposition. Nevertheless,
although true heterogeneity of the Ti-sites is not undoubtedly proven, the experimental results
clearly show that any possible leaching of Ti is only a minor concern. The slope of Cy=O
formation is merely unaffected by the removal of the catalyst, providing additional proof that
Cy=O solely originates from CyOOH decomposition and subsequent propagation reactions.
Finally we evaluated the catalyst stability by two sets of recycling experiments, the results of
which are presented in Figure 6.12. During the first set of recycling experiments the catalyst
was separated from the reaction mixture after 5 h, washed with acetone and dried overnight
at 120 °C in between every run. It was observed that the product formation after 5 h reaction
decreased steeply already in the second run and did not stabilize in subsequent runs. Thus
evidently, in this case the catalyst deactivated severely. In a second set of identical recycling

Figure 6.11. Hot filtration experiment during cyclohexene epoxidation with CyOOH over Ti-G40SBA at 80 °C. (I) Content of the reaction mixture; CyOOH (╳), Cy=H (+), CyOH (○), CyO (◇) and
Cy=O (△) and (II) integrated first order rate laws before (╳, R2=0.997) and after (+), R2 = 0.997)
separating the catalyst at 90 min on stream and for the thermal CyOOH decomposition (○, R2 = 0.979).
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experiments, the catalyst was calcined at 550 °C in between every run. It was observed that
in this case the product formation after 5 h reaction remained virtually constant. Therefore,
we conclude that the catalyst materials indeed deactivate, but not through leaching of the
active species, but by deposition of carbonaceous compounds on the catalyst. By calcining the
catalyst, the activity could be regenerated completely.

Figure 6.12. Catalyst recycling experiments. Formation of CyOH (green), Cy=O (orange), CyO (blue)
and Cy=OOH (red) in mmol after 5 h reaction at 80 °C over Ti-G40-SBA. From left to right, fresh
catalyst and 3 recycling runs after drying at 120 °C and 3 recycling runs after calcination at 550 °C in
between every run.

6.4

Discussion

When comparing the catalytic performance of all different catalyst materials and
references in Table 6.3, it is clear that the reference materials, TiO2, Ti-BEA and Co2+ display
inferior performance as compared to the Ti-grafted materials. For the TiO2 this is due to the
lack of isolated Ti4+ sites although, being a good photocatalyst, the conversion is much higher
than when performing the reaction in the absence of light (5 % CyOOH conversion was
reached after 24 h in the latter case). Also the activity of Ti-BEA is low, which is most likely
a direct effect of the slow diffusion of the peroxide inside the micropores. Besides that, the
hydrophilic character of the zeolite and the consequent presence of water coordinating to the
Ti4+ sites, as indicated by the shoulder at 260 nm in the UV-Vis DR absorption spectrum (Figure
6.1) can impede the reaction. The reference experiment with Co2+, which is commercially
employed for CyOOH decomposition via a radical pathway,[5, 6, 45, 46] shows that free radicals
are not able to perform the epoxidation with high efficiency. The influence of the Si/Ti ratio of
the grafted materials is not obvious in that sense that activity and selectivity do not follow the
Si/Ti ratio trend. However, it is clear that isolated Ti4+ sites are needed to perform the reaction.
When studying the catalytic data as listed in Table 6.3 more carefully, some aspects
of the reaction deserve more attention here. It is clear that in all cases except for TiO2, the
selectivity towards KA-oil, SKA, reaches more than 100 % after 24 h on stream, although
both the ketone and the alcohol form directly from CyOOH. The only explanation can be
that the fraction of the CyOOH that undergoes thermal decomposition creates reactive free
radicals, which can initiate a radical chain on cyclohexane molecules forming the wall of
the solvent cage as was explained by Hermans et al.[47] (see also Scheme 4.2 in Chapter 4).
This explanation is confirmed by the fact that Co2+, which only causes radical decomposition
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of the peroxide,[5, 7] exhibits the highest SKA of 134 %. Under the applied conditions using a
Ti-Si catalyst, this reaction is slow and occurs in the time scale of hours and only plays a
significant role after 24 h on stream. The occurrence of radical propagation reactions yields
new peroxide molecules. This implies that in fact the CyOOH conversion is higher than the
numbers reported in Table 6.3.

Figure 6.13. CyOOH conversion minus Cy=H conversion in mmol over (I) different Ti-Si catalyst
materials with O/P ratio 1.1 and (II) over Ti-G80-SBA with varying O/P ratio.

From Figure 6.13 I & II it can be seen that either changing the support to a more
hydrophobic surface, or applying a higher O/P ratio, has a similar effect on the molar
conversion of CyOOH as compared to Cy=H. In all cases, a near equimolar conversion of
CyOOH and Cy=H (CCyOOH-CCy=H ≈ 0) coincided with a higher overall selectivity towards
CyOH + Cy=O + CyO and a lower Cy=O formation rate. This implies that two different
reactions involving CyOOH are competing i.e., epoxidation (eq. 6.1) and deperoxidation
(eq. 6.2). When heating the hydroperoxide in the absence of cyclohexene in the presence
and absence of a catalyst we found 95 % and 11 % conversion after 24 h, respectively. Thus,
indeed the Ti-Si catalysts displayed activity for the deperoxidation reaction, which is most
probably acid catalyzed.[48]
CyOOH + Cy=H  CyOH + CyO					

(eq. 6.1)

(x+y) CyOOH  x CyOH + y Cy=O					

(eq. 6.2)

By altering the reaction conditions, either through the catalyst surface hydrophobicity
or the O/P ratio, as such that there is a relatively high O/P ratio at the reaction site, one can
force the reaction to follow the epoxidation pathway, yielding a higher total selectivity. When
eq. 6.1 dominates the overall reaction mechanism, an approximate equimolar conversion of
CyOOH and Cy=H must be established as is the case under optimum conditions. Another
possible benefit of a more hydrophobic catalyst arises from research by Figueras et al. who
reported that when performing cyclohexene oxidation with tbutyl hydroperoxide as oxidant
over hydrophobic Ti-Si mixed oxides, a more hydrophobic catalyst surface could prevent the
hydrolysis of the epoxide ring and the peroxide.[46] Although we did not observe significant
formation of 1,2-cyclohexanediol, when using wet commercial cyclohexane oxidate as
CyOOH source, this could be a major advantage. From Figure 6.13 it is also observed that
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with increasing time on stream, the molar cyclohexene conversion becomes higher than
the CyOOH conversion which, indicates slow evaporation of Cy=H from the reactor. This
makes it impossible to calculate a reliable selectivity of epoxide formation in terms of Cy=H
conversion. However, in all cases this selectivity lay between 60 and 80 % after 5 h on stream,
when the effect of evaporation is clearly less apparent than after 24 h on stream. For the
same reason, a complete carbon balance is also hard to obtain. However, since all oxygenated
molecules have a much higher boiling point, their evaporation loss is less pronounced and
an oxygen balance is therefore more reliable. When assuming the formation of equimolar
amounts of water and cyclohexanone, which directly follows from the CyOOH decomposition
mechanism as reported by Hermans et al.[45, 47] (see also Scheme 4.2) an oxygen balance over
time varying between 94 and 100 %, is obtained in all cases. Besides that, when calculating
the oxygen selectivity, defined as the fraction of oxygen atoms in the cyclic oxygenates of the
total amount of oxygen in all oxygenates, a value decreasing over time from 100 % to 92 % is
obtained. When the estimated water formation is not taken into account, all the oxygen atoms
seem to end up in cyclic oxygenates reflected by an oxygen selectivity of 100 %. An example
of the oxygen balance and the oxygen selectivity of an epoxidation reaction is presented in
Figure 6.14. Additionally, the formation of organic acids, as butyric, valeric, caproic, hydroxycaproic and adipic acid, which are all by-products of CyOOH decomposition[4, 8] was found
to be negligible. This additionally confirms that indeed the epoxidation of cyclohexene with
cyclohexyl hydroperoxide takes place with high selectivity.
6.4.1

Cyclohexene balance

As already stated, the cyclohexene oxide selectivity based on the cyclohexene
conversion lay between 60 and 80 % at 5 h on stream for all different experiments. Since
the other products that evidently originate from cyclohexene i.e. the unsaturated alcohol,
ketone and hydroperoxide and 1,2-cyclohexanediol, only account for a small percentage of
the cyclohexene conversion, an amount of cyclohexene cannot yet be traced back. A series
of reference experiments has been conducted to unravel the cause of incomplete cyclohexene
balance. These considerations will be discussed here.

Figure 6.14. Oxygen balance (╳), oxygen
selectivity with (△) and without (○) water
formation taken into account during the epoxidation
reaction over Ti-G80-SBAp900 catalyst material at
80 °C. The applied O/P ratio was 1.4.
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In order to investigate the possibility of cyclohexene evaporation from the reactor, several
experiments were conducted. At first, performing a reaction in a flask without septum and
with double amount of reactants and solvent and no sample extraction during the experiments
yielded after 24 h:
Cy=H balance of 55 %,
Mass balance of 99.7 % (based on the mass of the flask before and after reaction)
Oxygen selectivity (eq. 6.3) of 86 % (99 % when the estimated water formation is
left from the calculation).
# mole oxygen in cyclic molecules
Oxygen Selectivity = 				
* 100 %
total # mole oxygen in all molecules

(eq. 6.3)

Although the missing Cy=H (0.14 g) accounts only for 0.15 % of the total mass, assuming
a similar evaporation rate for cyclohexene and cyclohexane (based on the similar boiling
points of 83 °C and 80 °C) and given the low concentration of Cy=H, a significant amount of
cyclohexane should have evaporated as well. This would have led to a significant decrease
of the total mass of 8 g or 8.5 % of the total mass. Thus in this case evaporation loss of
cyclohexene seems not to be the case.
In Figure 6.15, the results of
an experiment studying possible
evaporation effects during sampling are
presented. A mixture of Cy=H, valeric
and caproic acid and pentane as a volatile
inert species was stirred for 24 h at 80 °C.
It was observed that the amounts of
pentane and cyclohexene in the reaction
mixture follow a comparable trend.
Since the pentane amount decreased
much faster, these results are a strong
indication of evaporation problems,
Figure 6.15. Evaporation experiment in which a
most probably caused by leakage of
mixture of cyclohexene, pentane, valeric acid and
the septum when withdrawing samples.
caproic acid in cyclohexane was stirred for 24 h at
=
However, the loss of 11 % Cy H in this
80°C in the presence of 50 mg Ti-G40-SBA.
case does not explain the total amount
=
of missing Cy H after an epoxidation
reaction, which is in in the order of
~ 1 mmol or 40%.
A second experiment involved the epoxidation of cyclododecene (C12y=H) with CyOOH
in the presence of an initial amount of ~ 1 mmol CyO of which the results are displayed in
Figure 6.16. It was observed that the amount CyO present decreased over time, while this
could not be explained by the formation of cyclohexanediol. Neither did other (unidentified)
peaks of considerable size appear in the chromatograms. Cyclohexene oxide might polymerize
in the presence of radicals and thus disappear from the reaction mixture, which will also cause
an incomplete cyclohexene balance. However, taking into account the high CyO selectivity
based on CyOOH conversion and the high oxygen balance as is shown in Figure 6.14, this
also cannot explain the whole amount of missing Cy=H. Additionally, in a real epoxidation
experiment, the starting concentration of CyO is zero, thus the effect of CyO conversion has
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Figure 6.16. Molar reactor content during cyclododecene epoxidation over Ti-G40-SBA at 80 °C and
applied O/P ratio of 1.2. CyOOH (■), C12y=H (▲), CyOH (□), Cy=O (○), CyO (△) and cyclododecene
oxide (╳). The FID response factor for cyclododecene oxide with respect to biphenyl was estimated.
Table 6.4. Molar amount of reactants and products present in the reactor before and after stirring an
epoxidation starting mixture without catalyst for 24 h at 80 °C.

Species

Start amount (mmol)

24 h amount (mmol)

CyOOH
CyOH
Cy=O
Cy=H
CyO
Cy=OOH
Cy=OH
Cy=One

2.57
0.48
0.40
3.33
1.19
0.11
0
0

2.45
0.65
0.57
2.54
1.26
0.49
0.04
0.07

to be much smaller in the first hours of reaction leading to a lower final CyO conversion as
well. Nevertheless, a loss of cyclohexene due to CyO conversion is a plausible scenario.
In a final experiment, a mixture of CyOOH and Cy=H in CyH plus additional CyO was
heated for 24 h without a catalyst present in a flask without septum. In this case only thermal
decomposition of the peroxides has to be expected and evaporation is excluded. 70 % of the
cyclohexene could be traced back to products (Table 6.4). Since in this case the amount of
CyO remained constant, we can conclude that CyO might be converted only when a catalyst
is present. However, still some Cy=H cannot be traced back to products, which might be
caused by radical propagation reactions. The occurrence of radical attack on cyclohexene is
evidenced by the presence on allylic oxidation products in the reaction mixture.[50, 51] Radical
propagation reactions of Cy=OOH might cause decomposition of some of the cyclohexene.
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6.5

Conclusions

Cyclohexyl hydroperoxide from the cyclohexane oxidation process can be employed
as an oxidant for cyclohexene epoxidation. Compared to the currently commercially applied
direct decomposition of CyOOH into KA-oil, this catalytic tandem route offers a way to
double the yield of valuable alicyclic compounds. Ti-SiO2 based materials were found to be
highly selective in this reaction, forming only minor amounts of by-products. The presence
of accessible, isolated, tetrahedrally coordinated, Ti4+ sites is of vital importance for a high
epoxidation activity. Moreover, our mesoporous Ti-grafted silica catalyst materials exhibit
significant higher activity than the benchmark TiO2 P25, TS-1 and Ti-BEA materials. Also
the use of aqueous TBHP as oxidant yielded inferior results. From hot-filtration and recycling
experiments it was found that the catalyst is stable towards leaching. The observed loss in
activity is caused by deposition of carbonaceous species and the catalyst could be regenerated
by a calcination treatment. The cyclohexene balance thus far is not complete. From performed
reference experiments it was concluded that cyclohexene disappears from the reactor probably
by three causes, i.e. evaporation through the septum, conversion of cyclohexene oxide and
radical degradation of cyclohexenyl hydroperoxide. From the three causes, the latter has
most probably the largest effect. By tuning the hydrophobicity of the catalyst surface and the
bulk olefin/ peroxide ratio, an ideal ratio at the reaction site can be obtained. This increases
the selectivity of the total process, by directing the mechanism from the deperoxidation to
the epoxidation reaction. A combined selectivity based on peroxide conversion, towards
cyclohexanol, cyclohexanone and epoxy-cyclohexane of 170 % was obtained.
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Chapter 7

Mechanistic Insights in the Olefin Epoxidation
with Cyclohexyl Hydroperoxide

Abstract

Olefin epoxidation with cyclohexyl hydroperoxide offers great perspective in increasing
the yield from industrial cyclohexane oxidation and the production of epoxides in an apolar
medium. In this chapter, a mechanistic study into the epoxidation reaction is discussed. Two
competing hydroperoxide conversion routes, namely direct epoxidation and decomposition,
were identified. The formation of radicals seemed to play a role in both mechanisms. However,
olefin epoxidation was found to solely take place at the catalyst, as free radicals were not
found to be efficient in performing this reaction. Allylic oxidation of cyclohexene occurs
under reaction conditions primarily by molecular oxygen and only constitutes a minor route.
The presence of molecular oxygen was found to increase the overall yield of the process by
solvent oxidation yielding new cyclohexyl hydroperoxide. Hydrolysis and isomerization of
the epoxide were found to be negligible reactions, although the epoxide gets converted at
higher concentrations, presumably by a radical initiated polymerization. UV-Vis spectroscopy
provided proof for the formation of titanium-hydroperoxide species as the active catalytic site
in the direct epoxidation reaction.
* Based on: B. P. C. Hereijgers, R. F. Parton and B. M. Weckhysen, ‘Mechanistic Insights in the Olefin
Epoxidation with Cyclohexyl Hydroperoxide’, Journal of Catalysis (2011) submitted.
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7.1

Introduction

Epoxides are an important and valuable class of raw materials and intermediates for
the chemical industry. For example, epoxides can be polymerized for the production of
homo- and copolymers, as polyethers, polyols and polycarbonates. But also in fine chemistry,
epoxides are used in the production of pharmaceuticals, perfumery, plasticizers, epoxy resins,
pesticides, etc.[1, 2] Cyclohexene oxide, for instance, can be enantioselectively converted in
chiral 1,2-aminocyclohexanol or 1,2‑diaminocyclohexane, which are both versatile building
blocks for the preparation of natural and synthetic biologically active molecules.[3, 4]
Commercial epoxides are produced from olefins either through a chlorohydrin or a
hydroperoxide process, of which both have their drawbacks. On the one side, the chlorohydrin
process consumes large amounts of chlorine, causing serious environmental issues, large
chlorinated waste streams and the need of a chlorine plant close by, or integrated in the
epoxidation process. On the other side, the complicated hydroperoxide method developed by
Halcon Corp. and Atlantic Richfield Oil Corp. (later ARCO), which is commercially practiced
in various forms, demands heavy capital investments. This process uses either ethylbenzene
hydroperoxide or tbutyl hydroperoxide as oxidant for, for instance, the epoxidation of propene
to propene oxide (PO). The main drawback of the process is that it co-produces styrene
(SM‑PO process) or isobutene (PO-TBA process) in a ratio of respectively 2.5 and 2.1 ton/ton
PO. The price of the co-products is severely affected by market conditions, which raises the
question whether the process is profitable under all conditions.[5] Recently, Sumitomo Chemical
Company commercialized a PO-only production route in which cumene hydroperoxide is
used as oxidant. The co-produced α,α-dimethyl benzylalcohol can be efficiently recycled via
hydrogenation and subsequent oxidation into the hydroperoxide, thus producing solely PO.[5, 6]
In the past decades, the use of hydrogen peroxide as a clean and cheap oxidant for the
epoxidation of olefins has been extensively investigated.[2, 7] Although H2O2 is a very suitable
oxidant for this application because of its low price and environmental benignity, its high
polarity demands for the use of a suitable solvent to overcome solubility problems of the
generally apolar olefins.[8-12] Nevertheless, Li and co-workers reported on reaction-controlled
phase transfer catalysis for propylene epoxidation with H2O2 in 2001,[13] which has been
commercialized for the epoxidation of cyclohexene in China since 2003.[14].
An established class of epoxidation catalysts comprises the titano-silicate materials,
including molecular sieves TS-1, TS-2 and Ti-BEA and titanium supported on amorphous
silica gels.[15-19] Although these catalysts show great performance in epoxidation reactions,
deactivation by Ti-leaching can be severe when used in an aqueous system.[20-23] In this regard,
the use of an apolar reaction medium can offer the benefit of a prolonged catalyst lifetime.
In Chapter 6 we presented a catalytic tandem route according to which the yield of
cyclohexyl hydroperoxide (CyOOH) decomposition can be largely increased by using this
peroxide as the oxidant for cyclohexene (Cy=H) epoxidation producing both valuable KA‑oil
and cyclohexene oxide.[24] The formed cyclohexene oxide (CyO) can be distilled off and used
as such, but can as well be converted into cyclohexanol (CyOH),[25] or cyclohexanone (Cy=O)
[26, 27]
for downstream processing into adipic acid or ε-caprolactam, respectively.[28] Besides
offering the advantage of an increased yield of nylon precursors from cyclohexane oxidation,
also from the scope of epoxide production the process offers great perspective. First of
all, cyclohexyl hydroperoxide gets produced commercially at large scale (DSM OxanonTM
process) and the coproduced cyclohexanol is a valuable chemical. Secondly, since cyclohexyl
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hydroperoxide is produced by the solvent free autoxidation of cyclohexane, the subsequent
epoxidation reaction can take place directly in the oxidate medium and solubility of olefins
offers no problem. In this regard, the process can be considered as solvent free.
In Chapter 6 we presented the process as such, and investigated several process
parameters and catalyst characteristics in order to improve the catalytic performance.
[24]
From recycling and hot-filtration experiments it was found that the catalyst was stable
against leaching. Although some mechanistic implications were found, no consecutive
reaction mechanism was unravelled yet. In this chapter we present a mechanistic study on the
cyclohexene epoxidation with cyclohexyl hydroperoxide. In addition, the role of the catalyst
material is investigated in more detail.

7.2

Experimental

7.2.1

Catalyst materials

The SBA-15 support material was synthesized following the procedure as described by
Zhao et al. and is described in detail in Chapter 4.[29] The SBA-15 structure was confirmed
by N2-physisorption and X-ray Diffraction (XRD). Titanium grafting on the mesoporous
silica support was done in a glovebox under N2 atmosphere. The SBA-15 support was dried
prior to Ti addition at 120 °C for at least 4 h to remove physisorbed water and brought into
N2 atmosphere. An amount of titanium-isopropoxide (Ti-i(OC3H7)4, Sigma Aldrich, 99 %) to
achieve the desired Si/Ti ratio was dissolved in anhydrous isopropanol (Sigma Aldrich, p.a.)
and impregnated on the silica support using the wetness impregnation method (3.3 ml solution
per gram SBA-15). The solvent was removed by drying under N2 flow at room temperature
for 48 h followed by calcination at 400 °C for 4 h.[14, 24, 30] For the peroxide decomposition
experiments over Co2+, cobalt-methylhexanoate (Sigma Aldrich, 65 wt% in mineral spirits)
was used.
7.2.2

Catalyst characterization

Diffuse Reflectance (DR) UV-Vis spectra were recorded on a Varian Cary 500
spectrophotometer equipped with a DR cell in the spectral range of 200-700 nm using a white
Halon standard for background subtraction. To study the formation of reactive Ti-oxo species,
the catalysts were soaked in a commercial aqueous H2O2 solution (Sigma Aldrich, 30 wt%)
or in a solution containing 2 wt% CyOOH in cyclohexane and dried at room temperature.
Gaussian fitting of the UV-Vis DR spectra was done using the Fityk software program.[31]
N2-physisorption isotherms were recorded on a Tristar Micromeretics 3000 analyzer. Prior
to measurements the samples were dried at 250 °C for at least 8 h. XRD (in the range of
2θ = 0.5-5°) was performed on a Bruker AXS D2 Phaser apparatus operating at 30 kV and
10 mV using a CoKα radiation source (λ = 1.78897 Å).
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7.2.3

Catalytic performance

The cyclohexyl hydroperoxide used in this study was extracted from a cyclohexane
oxidate provided by DSM (Geleen, the Netherlands). The oxidate was extracted 3 times with
1 M NaOH (Merck, p.a.) and the water phase was neutralized with a chilled 4 M HCl (aq)
(Merck, p.a.) solution until slightly acidic. The water phase was subsequently extracted 3 times
with cyclohexane (Sigma Aldrich, > 99 %) or cyclooctane (Sigma Aldrich, > 99 %) and dried
over MgSO4 (Janssen Chimica, pure). Finally, ~ 1 mol% biphenyl (Acros, 99 %) was added
to the filtered solution and the solution was diluted to 2 wt% CyOOH with cyclohexane or
cyclooctane. The starting reaction mixture typically contained some impurities i.e., 0.2 mol%
CyOH, 0.1-0.2 mol% Cy=O, 0.01 mol% butyric acid, 0.08 mol% valeric acid and 0.08 mol%
caproic acid coming from the oxidate and 0.03 mol% cyclohexenyl hydroperoxide from
cyclohexene.
The epoxidation reactions were
carried out in a 100 mL round-bottom
flask equipped with reflux condenser
and septum. In a typical experiment
14.8 g of the 2 wt% CyOOH solution
in cyclohexane was brought into
the flask together with the desired
amount of cyclohexene (Sigma
Aldrich, 99 %) or cyclododecene
(Sigma Aldrich, mixture of cis and
trans isomers, 99 %) and 50 mg
catalyst. The flask was placed in an
oil bath at 80 °C defining t0. Samples
Figure 7.1. FID response factor with respect to
were taken from the reactor during
biphenyl for different compounds as function of the
reaction with a syringe and thermally
number of carbon atoms as basis for estimating FID
quenched in cooled pyridine (Fluka,
responses for other compounds.
99 %). Prior to analysis of the liquid
phase, the samples were silylated
using N-methyl-N-trimethylsilyl-trifluoro-acetamide (MSTFA, ABCR, 98 %). Analysis
was done on a Varian 430 GC-FID equipped with a VF-5ms column (30 m, DF = 0.25 μm,
I.D. = 0.25 mm) in split/splitless injection mode. The injector temperature was set to 220 °C. The
specific detector response for the main components CyOOH, cyclohexanol, cyclohexanone,
cyclohexene oxide, cyclohexene, and n-C4, n-C5 and n-C6 mono-acids, hydroxy-caproic acid
and adipic acid were predetermined with respect to biphenyl by calibration.[32] The detector
response factors for all other compounds were estimated based on the carbon and oxygen
number of their silylated derivative using the empirical relation as illustrated in Figure 7.1. All
chemicals for the reference experiments were of analytical grade and used as received from
a commercial source.

114

Mechanistic Insights in the Olefin Epoxidation with Cyclohexyl Hydroperoxide

7.3

Results and Discussion

The research described in this chapter deals with the same catalyst materials as described
and characterized in Chapter 6. For all materials the presence of isolated Ti4+ atoms was
confirmed by UV-Vis DR spectroscopy. The SBA-15 structure of the catalyst materials was
identified by N2-physisorption and XRD as described in section 6.3.1.
7.3.1

Competing CyOOH conversion mechanisms

From comparison of good and bad performing catalysts under different conditions it
was already described in Chapter 6 that a lower overall selectivity towards CyOH, Cy=O
and CyO (SK/A/O) typically coincided with a significantly increased Cy=O formation. This is
illustrated by the molar product formation over the ‘good’ Ti-G40-SBA (SK/A/O = 162 %) and
‘bad’ Ti‑G80‑SBA (SK/A/O = 143 %) catalyst materials as presented in Figure 7.2. The increased
Cy=O formation over Ti-G80-SBA is obvious.

Figure 7.2. Molar CyOOH conversion and product formation in cyclohexene epoxidation with
cyclohexyl hydroperoxide over highly selective Ti-G40-SBA (I) and less selective Ti-G80-SBA (II) at
80 °C. The applied O/P ratio was 1.1. CyOH (□), CyO (△), Cy=O (○) and CyOOH conversion (◆).

These results suggest the occurrence of two competitive mechanisms, i.e. radical
deperoxidation (eq. 7.1) and catalytic epoxidation (eq. 7.2). To determine whether there is
indeed radical decomposition taking place, the epoxidation reactions over Ti-G80-SBA and
Ti-G40-SBA with radical scavenger hydroquinone (HQ) initially dissolved in the reaction
mixture and injected after 1 h reaction were performed.[32, 33] The molar CyOOH (CCyOOH)
and Cy=H (CCy=H) conversions and product formation as a function of time are presented in
Figure 7.3.
(x+y) CyOOH  x CyOH + y Cy=O					

(eq. 7.1)

CyOOH + Cy=H  CyOH + CyO					

(eq. 7.2)
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Figure 7.3. Molar conversion and product formation during radical inhibition experiments at 80 °C.
(I) Epoxidation over Ti-G80-SBA with 0.5 mmol hydroquinone present initially. (II) Epoxidation over
Ti‑G40-SBA, 0.2 mmol HQ in 1 ml acetone was injected after 1 h on stream. CCyOOH (■), CCy=H (▲),
CyOH (○), Cy=O (◇) and CyO (□).

With HQ initially present (Figure 7.3 I) the predominant products formed were CyOH
and p-benzoquinone, as can be explained according to the reaction mechanism of HQ with
free CyO• and •OH radicals, illustrated in Scheme 7.1.[33] As expected the formation of
Cy=O was largely reduced when compared to a non-inhibited reaction. Only after 3 h on
stream when most of the HQ had reacted, a small amount of Cy=O formation was observed,
indicating that it originates from radical propagation reactions according to the mechanism
described by Hermans et al.[34] Surprisingly, no CyO formation was observed in the presence
of HQ, although in the open literature the direct epoxidation reaction of olefins with a peroxide
species over Ti4+-based catalyst systems is reported to proceed non-radical.[35-37] In order to
rule out the possibility of competitive adsorption of HQ on the reaction sites and consequent
inhibition of CyO formation, a second reaction was performed in which 0.2 mmol HQ was
injected after 1 h of conversion (Figure 7.3 II). Also in this case Cy=O and CyO formation
were stopped immediately when HQ was present in the reactor. Besides the two described
reactions, also a third mechanism plays a role in the epoxidation process, namely the allylic
oxidation of cyclohexene via a cyclohexenyl hydroperoxide (Cy=OOH) intermediate into the
unsaturated alcohol (Cy=OH) and ketone (Cy=One). This third reaction is known to proceed
through a radical chain mechanism and is inhibited by the presence of HQ as well.[35, 37]

Scheme 7.1. Reaction mechanism illustrating the effect of hydroquinone terminating a radical chain by
scavenging free cyclohexoxy and hydroxyl radicals.
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7.3.2

Role of free radicals

Knowing that free radicals form under reaction conditions and seemingly are involved
in both Cy=O and CyO formation, the next step is to address the role of free radicals in both
the epoxidation reaction, as well as in the propagation reactions of CyOOH as described in
Chapter 4.[38, 39] In this regard a standard epoxidation reaction was performed with dissolved
Co2+-ethylhexanoate present as catalyst to form free radicals from CyOOH by homolytic
scission.[40, 41] The results of this experiment are presented in Figure 7.4.

Figure 7.4. Catalytic results of cyclohexene epoxidation with CyOOH in the presence of 5 ppm Co2+
radical initiator at 80 °C. Conversions and product selectivities (I): CCyOOH (■), CCy=H (▲), CyOH (○),
Cy=O (◇), CyO (□) and K/A/O (▽). By-product selectivities (II): Cy=OOH (▲), Cy=OH (●), Cy=One
(■), butyric acid (), valeric acid (◇), caproic acid (+), hydroxyl-caproic acid (╳), adipic acid (○).

Figure 7.4 I displays the conversion and product selectivities versus time on stream
for the Co2+ catalyzed reaction. The free radicals formed from CyOOH evidently mainly
propagate into the formation of CyOH and Cy=O. The CyOOH conversion exhibits a
maximum after 5 h on stream, indicating the formation of new CyOOH molecules. These most
likely originate from solvent oxidation due to the propagation of cyclohexoxy and cyclohexyl
(Cy•) radicals with molecular oxygen.[34, 38, 42] This is confirmed by the combined selectivity
towards K/A-oil (SK/A) readily exceeding 100 %. Evidently, the generated free radicals are not
efficient in carrying out the selective epoxidation reaction since only 5 % selectivity towards
CyO is reached after 24 h. Figure 7.4 II shows the formation of by-products during this
reaction. Besides the well known by-products from radical propagation reactions in CyOOH
decomposition i.e. mono-, di- and hydroxy-acids,[32, 38] also a significant amount of allylic
oxidation products are formed. The proceeding allylic oxidation is known in literature to be
radical driven, [35, 36, 43, 44] which is in line with the absence of allylic oxidation product in the
presence of HQ (vide supra).
The reaction mixtures contained a trace amount (0.03-0.05 mol%) cyclohexenyl
hydroperoxide initially as impurity in the cyclohexene. In order to reveal whether Cy=OOH
formation truly originates from allylic oxidation of cyclohexene or radical propagation of
Cy=OOH, cyclohexene was purified by extraction with NaOH (aq) prior to reaction over
Ti‑G80-SBA, reducing the initially present amount of Cy=OOH to 0.001 mol%. However,
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no significant change in the Cy=OOH
formation rate was observed as is shown
in Figure 7.5 and thus Cy=OOH formation
can be attributed to radical allylic oxidation
of the olefin. Cyclohexenyl hydroperoxide
itself is suggested to be able to epoxidize
an olefin in the same way as CyOOH.[35]
However, the minor amount of Cy=OH
found in the reaction mixtures indicates
that this particular reaction can only
account for a negligible amount of CyO
formation.
7.3.3

Radical propagation reactions

Figure 7.5. Cyclohexene epoxidation over TiThe presence of free radicals
G40-SBA at 80 °C with initially 0.06 mol (▲)
during the epoxidation reaction over
and 0.002 mol (■) Cy=OOH present.
Ti-G#‑SBA catalyst materials and the
apparent capacity of these free radicals to
undergo propagation reactions with the
ubiquitous cyclohexane molecules under the applied conditions, as was suggested by the
SK/A > 100 %, both for Co2+ as well as Ti4+ mediated reactions, demands for further proof of
solvent oxidation. Therefore, to allow discrimination between K/A-oil originating directly
from the peroxide and K/A‑oil from solvent oxidation, an epoxidation over Ti-G80-SBA was
performed in cyclooctane (C8yH). Results are compared to an analogous epoxidation reaction
in cyclohexane in Figure 7.6. When performing the epoxidation reaction in cyclooctane, all

Figure 7.6. Conversion (solid symbols) and selectivities (open symbols) during cyclohexene
epoxidation with cyclohexyl hydroperoxide in cyclohexane (I) and cyclooctane (II) over Ti-G80-SBA
at 80 °C. CCyOOH (■), CCy=H (▲), CyOH (□), Cy=O (○), CyO (△), COHP (＊), cyclooctanone (+) and
cyclooctanol (╳). The applied O/P ratio was 1.4. The FID response factors with respect to biphenyl for
the cyclooctane derived oxygenates were estimated on basis of their molecular mass.
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selectivities towards the oxygenated cyclohexyl products are slightly suppressed although the
CCyOOHis slightly higher. It is clear that a large amount of cyclooctyl hydroperoxide (COHP) is
formed, which is slowly decomposed into cyclooctanol and cyclooctanone. Although the data
on cyclooctane derived products is only semi-quantitatively, it is clear that solvent oxidation
is occurring under the applied reaction conditions, which is in agreement with published
results on similar catalytic systems.[45-48] However, due to the higher stability of cyclooctyl
hydroperoxide over CyOOH, solvent oxidation is more apparent in cyclooctane.
7.3.4

Role of oxygen

When assessing the oxygen balance over the epoxidation in cyclooctane, a large excess
of oxygen bound in product molecules is found. This suggests that molecular oxygen from the
atmosphere takes part in the oxidation reactions. Molecular oxygen can be incorporated via
propagation reactions of cyclooctyl radicals, formed by hydrogen abstraction by a hydroxy or
cyclohexoxy radical according to eq. 7.3-5.[49]
CyOOH  CyO• + •OH						
CyO• + C8yH  CyOH + C8y•					
C8y• + O2 (g)  C8yOO•						

(eq. 7.3)
(eq. 7.4)
(eq. 7.5)

In order to identify the role of molecular oxygen, an epoxidation reaction under N2
flow was performed. The flow over the reactor caused severe evaporation of CyH and Cy=H,
thus altering the concentration conditions during the reaction. This obviously might have an
effect on the selectivities. However, it is not expected to block reactions that would proceed
under stagnant conditions. The molar product formation and peroxide conversion are shown
in Figure 7.7 I. During the first few hours of reaction no significant Cy=O formation was
observed, indicating that indeed at 80 °C the thermal decomposition of CyOOH is fairly slow.
Also the final CyOOH conversion had increased vastly, 98 % compared to the 70 % that is
reached in air atmosphere. This proofs that atmospheric O2 does participate in the epoxidation
reaction when present. When looking at the integrated first order rate equations in CyOOH
concentration in Figure 7.7 II, it is clear that CyOOH reacts following first order kinetics in
the absence of O2, which is in agreement with literature results on CyOOH decomposition
over cobalt, chromium[50] and tantalum[51] complexes. However, when oxygen is present, the
CyOOH decomposition starts to deviate strongly from this behaviour after 2-3 h on stream,
indicating that thermal decomposition and propagation with O2 starts to play a role. The rate
constant found for the catalytic CyOOH conversion was k = 4.7∙10-5 s-1, which is in good
agreement with the value of k = 4.4∙10-5s-1 for CyOOH conversion in air atmosphere during
the first 90 min reaction, as reported in Chapter 6.[24]
After 5 h on stream the N2 flow was switched off to prevent further evaporation of
solvent and cyclohexene overnight. From that point the amount of CyO decreased significantly
(-0.41 mmol), which coincided with an almost equimolar increase in Cy=O (0.48 mmol)
and a loss of total selectivity. This suggests that CyO might rearrange to Cy=O under these
conditions. Another possibility is that Cy=O originates from the peroxide decomposition,
and CyO starts to decompose or polymerize on the catalyst, facilitated by the increased
concentration due to the excessive solvent evaporation. Also the possibility of CyO overoxidation by the present radicals and reactive Ti-oxo species under conditions of oxygen
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starvation and low Cy=H concentration (the O/P ratio dropped from 2.3 to 0.7 within the first
5 h) should not be overlooked. However, on this point our results are not conclusive yet. From
the decreasing selectivity after 5 h on stream, we can conclude that CyOOH decomposition
proceeds more selectively towards the desired products in the presence of O2.
Surprisingly, under N2 flow, only trace amounts of unsaturated oxygenated products
were detected. This shows that the allylic oxidation does neither occur by direct attack of
cyclohexyl hydroperoxide nor by the reactive Ti-oxo species, but originates solely from
radical propagation in which the presence of O2 is essential.

Figure 7.7. Cyclohexene epoxidation with CyOOH under N2 flow at 80 °C. (I) Molar CyOOH
conversion (■) and product formation of CyOH (○), CyO (◇) and Cy=O (△). (II) Plot of the
integrated rate law of the epoxidation reaction in the presence (△) and absence (╳) of oxygen and linear
fit (dotted line). Correlation coefficient R2 = 0.999.

7.3.5

Side reactions

In many cyclohexene epoxidation reactions with aqueous H2O2 or tert-butyl
hydroperoxide, hydrolysis of the epoxide ring into the 1,2-diol over Brønsted acid sites is
observed in significant amounts.[10, 35, 52, 53] Another probable reaction is the acid catalyzed
isomerization of cyclohexene oxide to cyclohexanone.[54, 55] To evaluate the stability of the
epoxide under reaction conditions a mixture consisting of 2.1 mmol CyOH, 1.1 mmol CyO,
1.3 mmol H2O and catalyst in cyclohexane was stirred for 24 h at 80 °C. Although a decrease
of CyO of 12 % was observed, this could not be explained by the formation of only trace
amounts of 1,2-cyclohexanediol and Cy=O. Therefore it can be concluded that hydrolysis
and isomerization of the epoxide are negligible side reactions. In a subsequent experiment,
cyclododecene (C12y=H) was epoxidized with CyOOH over Ti-G40-SBA in the presence of
1 mmol additional CyO (Figure 7.8). It was observed that during the reaction the amount
of CyO present decreased gradually to 0.6 mmol after 24 h. Also in this case no significant
formation 1,2-cyclohexanediol was observed.
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Figure 7.8. Molar reactor content during cyclododecene epoxidation over Ti-G40-SBA at 80 °C with
1 mmol CyO initially present. The applied O/P ratio was 1.2. CyOOH (■), C12y=H (▲), CyOH (□),
Cy=O (○), CyO (△) and cyclododecene oxide (╳). The FID response factor for cyclododecene oxide
with respect to biphenyl was estimated.

Although, no significant by-product formation possibly originating from CyO was
found in the chromatograms, CyO is found to get converted under reaction conditions. One
explanation for the loss of CyO from the reactor might be radical initiated polymerization
of cyclohexene oxide over acidic Ti-OOH sites.[56, 57] However, at this point there is no
experimental evidence for this hypothesis.
Another side reaction in cyclohexane autoxidation constitutes the radical dehydrogenation
of CyOH into Cy=O under O2 by αH abstraction of CyOH by a peroxo radical and subsequent
addition of O2 (eq. 7.6).[58, 59]
CyOO• + CyOH + O2  CyOOH + Cy(OH)OO•  CyOOH + Cy=O + HOO•

(eq. 7.6)

Under autoxidation conditions, this reaction comprises only a minor source of ketone
formation. However, in the epoxidation process it could be of importance for the overall
mechanism. This reaction was identified by addition of 0.9 mmol cyclooctanol initially to the
epoxidation reaction mixture. After 24 h reaction, indeed the amount of cyclooctanol present
decreased with ~ 0.28 mmol and a significant amount of cyclooctanone was found (estimated
at 0.2 mmol). Compared to the formation of 0.5 mmol Cy=O, this shows that although not
expected to be the main source of ketone formation, reaction eq. 7.6 should be regarded as
significant.
Based on the experiments discussed in the previous sections, we present the reaction
scheme in Scheme 7.2 including all identified reaction pathways.
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Scheme 7.2. Overview of all identified reaction pathways during cyclohexene epoxidation with
cyclohexyl hydroperoxide in air atmosphere. Dashed arrows represent minor reaction pathways.
Possible reactions, which were not found to proceed, are indicated with crossed arrows.

7.3.6

Role of the catalyst

The role of isolated Ti4+ sites in Ti/SiO2 based catalyst systems has been extensively
researched in the past decades.[1, 16, 60] Although the exact conformation of the active site is
still subject of debate, there is general consensus that the epoxidation mechanism proceeds
through the formation of reactive Ti-oxo species on the catalyst surface.[56, 60-66] An overview
of different proposed Ti-oxo structures is given in Figure 7.9.

Figure 7.9. Proposed reactive Ti4+-oxo species in epoxidation reactions. ROH represents a protic
molecule which is often considered to contribute in titanium-oxo complex formation.[1, 60]
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As was shown in Chapter 6, UV-Vis DR spectroscopy is a powerful tool to get insight
in the coordination geometry of Ti4+ species. Besides that, also coordinating water molecules,
as well as the formation of Ti-OOH species can be detected by UV-Vis DR spectroscopy. In
order to obtain insight in the coordination of Ti4+ during reaction, UV-Vis DR spectroscopy
was performed on a series of fresh, spent and hydroperoxide treated catalysts.
Figure 7.10 I shows the UV-Vis DR spectrum of fresh Ti-G40-SBA and the fitted
Gaussian curves. Numerical results of the fits are listed in Table 7.1. Two Gaussian peaks
could be fitted in this spectrum, representing the tetrahedral Ti4+ LMCT contribution at 215 nm
and the 5-6 fold water coordinated Ti4+ species at 284 nm.[61, 62] The peak centre and FWHM
obtained from this fit were used in subsequent fits. In Figure 7.10 II and III can be seen that
upon exposure to a H2O2 (II) or CyOOH (III) solution and drying in air at room temperature,
a broad absorption band appears in the UV-Vis DR spectrum. This band could be resolved
with one Gaussian peak at 366 (H2O2) and 355 nm (CyOOH), respectively (band A in both
spectra). In literature these bands are ascribed to either (hydrated) Ti-hydroperoxide[61, 62, 66] or
Ti-superoxide species.[67] In the UV-Vis DR spectrum of the spent Ti-G40-SBA catalyst four
Gaussian functions were fitted. Next to the bands at 215 and 283 nm, additional bands were
found at 335 (A) and 476 nm (B). The appearance of band A when the Ti-G40-SBA catalyst
material is exposed to a peroxide as well as after reaction, shows that reactive Ti-oxo species
are formed from CyOOH and most likely are the active species in cyclohexene epoxidation
with CyOOH. The presence of the absorption band at 283 nm in all spectra indicates that
also water molecules coordinate to the Ti4+ sites, which is in agreement with the formation
of hydrated Ti-OOH species. The low intensity band at 476 nm (B) might originate from
unhydrated Ti-OOH formation, although this absorption band was reported by Shetti et al. to
appear at 387-408 nm.[67] Therefore, it could also be the result of organic species adsorbed on
the catalyst during reaction, e.g. polymerized cyclohexene oxide.
Table 7.1. Overview of the fitted Gaussian curves in the UV-Vis DR spectra of Ti-G40-SBA before and
after exposure to H2O2 and CyOOH and after reaction.

Ti-G40-SBA

Peak

Fresh (I)
+ H2O2 (II)
A
+CHHP (III)
A
Spent (IV)
A
B
a
b

Height

Maximum
(nm)

FWHM
(nm)

1.61
0.52
1.79
0.85
0.89
1.12
0.5
0.72
1.59
0.37
0.37
0.09

215
284
224
292
366
224
288
355
215
283
335
476

51a
32a
51
40
70b
51
31
70b
50
32
70b
70b

FWHM values obtained from the fresh catalyst were used in the subsequent fits.
Value reported in literature.[67]
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Figure 7.10. UV-Vis DR spectra of fresh Ti-G40-SBA (I), Ti-G40-SBA impregnated with H2O2 (aq) (II),
Ti-G40-SBA impregnated with CyOOH/ CyH (III) and spent Ti-G40-SBA (IV). Experimental spectrum
(black line), calculated fit (red line) and separate Gaussian curves (dashed line). Least-squares fitting of
the spectra was performed using the Fityk software.[31]

7.4

Conclusions

A mechanistic study into the cyclohexene epoxidation with cyclohexyl hydroperoxide
over titanium grafted mesoporous silica revealed two competing mechanisms for peroxide
conversion, namely the catalytic epoxidation mechanism and the radical decomposition
mechanism, of which the latter yields cyclohexanone. The thermal decomposition of CyOOH
was found to be slow and occurs in the time scale of hours. Remarkably, in an attempt to block
the radical pathway by addition of a radical scavenger, also the formation of cyclohexene
oxide was inhibited. This indicated that the epoxidation mechanism involves radical formation
as well, presumably in the formation of the reactive Ti-oxo species as free radicals did not
exhibit significant epoxidation activity. A third and minor route that is proceeding under the
applied conditions is the allylic oxidation of cyclohexene. It was shown that, in accordance
with literature, allylic oxidation is a radical driven reaction that only takes place in the
presence of molecular O2. It was concluded to be unlikely that cyclohexenyl hydroperoxide is
significantly involved in the epoxidation reaction.
An epoxidation reaction in cyclooctane as solvent and in the presence of O2 confirmed
the occurrence of solvent oxidation. The solvent oxidation was found to proceed through
radical propagation reactions in which molecular oxygen is closely involved. The catalytic
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conversion of cyclohexyl hydroperoxide was found to follow first order kinetics in the
absence of O2.
Possible side reactions were identified as well. Based on experimental evidence it
was concluded that under the applied conditions hydrolysis of the epoxide is only a minor
reaction. No evidence for the isomerization of cyclohexene oxide to cyclohexanone was found
although the epoxide was found to get converted under process conditions. This was proposed
to be caused by radical driven chemistry, causing polymerization and/ or decomposition. The
dehydrogenation of cyclohexanol with cyclohexylperoxo radicals and oxygen was identified
as a source of cyclohexanone, although it constitutes only a minor route.
The role of the Ti-SiO2 catalysts was evaluated and UV-Vis DR spectroscopy provided
evidence for the formation of hydrated Ti-OOH species, which are believed to be the active
epoxidizing species.
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Chapter 8a

Summary

The depletion of the global fossil fuel resources tremendously stimulates the demand for
more efficient use of recourses and energy. In the chemical industry, catalysis is the first and
foremost concept that can offer solutions for these challenges for the 21st century. One of the
largest classes of catalyzed reactions in industry comprises the selective oxidation reactions.
However, although widely applied, these reactions represent large difficulties in controlling
and directing the mechanism and often produce considerable waste streams. The aim of this
PhD thesis is to contribute to the development and fundamental understanding of new catalytic
routes for the selective oxidation of hydrocarbons with molecular oxygen.
In Part I of this thesis we reported on the selective gas-phase oxidation of methanol
for the production of H2 for fuel cell applications. Hydrogen, when produced sustainable, is
a promising candidate as energy carrier of the future to replace oil-based fuels. Chapter 2
describes the application of supported gold catalysts for the partial oxidation of methanol in the
gas-phase for the production of hydrogen with low CO content. It was found that the addition
of alkaline-earth metal or lanthanum oxide to an alumina supported gold catalyst had a large
beneficial influence on the performance of the catalyst. Promoting the gold-based catalysts
increased the hydrogen yield significantly, while strongly reducing the undesired by-product
formation. There was no significant influence of the promoters on the gold particle size and
the related activity. The trend in selectivities paralleled the trend in increasing basicity of the
promoter materials under study, in the order MgO < CaO < SrO < BaO ≈ La2O3. However,
superior results in terms of hydrogen yield were obtained with gold nanoparticles directly
supported on a low surface area lanthanum oxide. Surprisingly, gold precipitated in stable,
1-5 nm sized nanoparticles on the very low available surface area of the lanthanum oxide. The
lanthanum oxide catalysts exhibited a stable performance for 24 h at 300 °C and no significant
sintering was observed from EXAFS and TEM characterization of the spent catalyst. The
carbonmonoxide selectivity seemed merely unaffected by the applied methanol to oxygen
ratio. In Chapter 3 we have investigated the promotion effect of lanthanum oxide on the
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gold-alumina catalyst by means of in-situ XAFS spectroscopy during the partial oxidation of
methanol. In the absence of lanthanum oxide on the catalyst, we observed partial oxidation of the
supported gold nanoparticles during reaction. On the other hand, in the presence of lanthanum,
the reduction of initially present oxidic gold species was observed. FEFF8 simulations of the
Au LIII XANES region provided a theoretical basis for the observed oxidation of gold particles
by adsorption of reaction intermediates on the surface. However, this could not explain the
observations done on the La2O3 containing catalyst materials. A systematic DSC study into
the exothermal decomposition behaviour of the precipitated oxidic gold precursors revealed
a significantly higher heat of reaction for the lanthanum oxide supported gold particles as
compared to the alumina supported catalyst. However, the decomposition of Au(OH)3 species
could not explain the measured heat of reaction. It was proposed that the precipitated Au(OH)3
phase readily dehydrated to form Au2O3 during drying. The decomposition of Au2O3 is largely
exothermal and literature values for the heat of reaction were in good agreement with the DSC
results. The difference in catalytic behaviour can be explained by the observed difference
in redox capacity of the supported gold particles. It is shown by XANES and DSC that the
lanthanum oxide has a stabilizing effect on the fully reduced gold nanoparticles, thus limiting
reoxidation during catalysis. It is proposed that the latter effect limits hydrogen oxidation and
methanation to take place under reaction conditions. The differences in redox capacity are
reflected by the superior performance of the alumina supported gold catalyst in CO and H2
oxidation, for which the formation of oxidic gold sites is reported to be essential.
Part II of this PhD thesis describes the selective oxidation of alkanes with molecular
oxygen over supported gold catalysts. In Chapter 4, the selective aerobic oxidation of
cyclohexane to KA-oil in the liquid phase over gold-based catalysts was studied. Cyclohexane
oxidation is an industrially relevant reaction that suffers from a high inefficiency. Several
publications in the open literature reported on the capability of supported gold catalysts to
perform this reaction highly selective. Typical gold catalysts were synthesized, characterized
and subjected to catalytic performance tests. The results were compared to the results already
reported in the open literature and an industrially applied benchmark catalyst, dissolved
Co2+‑ethylhexanoate. The aim was to get a better mechanistic understanding of the oxidation
reaction and to explain the unique properties of the gold catalysts. Active participation of
the gold catalyst in the reaction was confirmed by the shortening of the induction period
as compared to an uncatalyzed reaction, and the observed CO oxidation. However, by
comparing the product distribution with time on stream obtained for the gold catalyzed
oxidation with those of an uncatalyzed and a Co2+ initiated autoxidation reaction, it was found
that the gold catalysts were sluggish and did not exhibit an improved selectivity as compared
to the benchmarks. Upon addition of a free-radical scavenger to the reaction mixture, the
oxidation was completely inhibited. This provided proof for the existence of a radical-chain
mechanism similar to the autoxidation mechanism that drives the reaction under the applied
conditions. It was shown that this inevitably leads to a loss of selectivity with increasing
conversion. It is explained that inadequate experimental procedures most probably have
caused the misleadingly high selectivities currently reported in the open literature. The gold
catalysts did establish an increased adipic acid formation. This was ascribed to the strong
interaction between the polar reaction products and intermediates, and the high surface area
of the catalysts. This hypothesis was confirmed by FT-IR spectroscopy on the spent and
thoroughly washed catalyst, revealing absorption bands indicative for adsorbed adipic and
hydroxy-caproic acid.
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Summary

In Chapter 5 we have discussed the applicability of supported gold catalysts to
selectively oxidize alkanes at low temperatures by studying the selective gas phase oxidation
of methane to methanol. A wide range of gold catalysts, supported on both reducible and
non-reducible support materials, was synthesized and employed in temperature programmed
oxidation reactions. The formation of gold nanoparticles was confirmed by TEM and
UV‑Vis‑NIR diffuse reflectance (DR) spectroscopy analysis however, the catalysts did not
show any conversion at temperatures below ~250 °C. At higher temperatures, small amounts
of the total combustion products CO2 and water were formed. Unfortunately, no traces of
partial oxidation products, such as methanol, formaldehyde, formic acid, methylformate and
CO, were found. In line with the results on cyclohexane oxidation, we found no evidence of
selective C-H bond activation over gold-based catalysts. Our findings described in Part II
cast doubts on the applicability of gold catalysts for the selective oxidation of alkanes.
In Part III of this thesis, a catalytic route that potentially can double the yield of valuable
products from an industrial cyclohexane oxidation process was introduced. In Chapter 6 it
was shown that titanium-grafted silica materials can epoxidize cyclohexene to cyclohexene
oxide using cyclohexyl hydroperoxide from an industrial cyclohexane oxidate as oxidant.
The process yielded cyclohexanol, cyclohexanone and cyclohexene oxide with a combined
selectivity of 170 % based on the peroxide conversion. The presence of isolated tetrahedrally
coordinated Ti4+ sites could be confirmed by means of UV-Vis DR spectroscopy and was
found to be essential for great catalytic performance. High temperature treatment of the
SBA‑15 support yielded materials with a higher surface hydrophobicity, as was determined
by Thermogravimetric Analysis in combination with N2 physisorption measurements. This
was found to have a large beneficial influence on both the reaction rate and the selectivity. An
increased olefin to peroxide (O/P) ratio in the reaction mixture was found to have a similar
influence. Based on both observed trends, it was concluded that a higher O/P ratio at the
reaction site was the cause of the observed improved performance. The Ti-grafted materials
were compared with benchmark systems TS-1, Ti-BEA and TiO2 P25 and exhibited superior
performance. This was ascribed to the limited accessibility of the relatively bulky peroxide
in the zeotype materials and the lack of isolated titanium centres in the case of bulk TiO2.
When TBHP was used as oxidant, phase separation between the apolar olefin and the aqueous
hydroperoxide solution prevented adequate mixing and only a low activity was observed.
The stability of the Ti-grafted silica materials was addressed by recycling experiments. When
the catalysts were dried in between the subsequent runs, a dramatic decrease in activity was
observed. However, by calcination of the catalyst materials in between the recycling runs,
the initial activity could be maintained. Leaching of Ti-species into solution was not apparent
as indicated by UV-Vis DR spectroscopy. Hot filtration of a reaction mixture after 90 min
reaction caused the hydroperoxide conversion rate to decrease one order of magnitude and
completely stopped the formation of epoxide. This provided proof that the catalyst is truly
heterogeneous. Unfortunately, part of the cyclohexene could not be traced back and seemed
to disappear from the reaction mixture. This could be explained by evaporation and radical
initiated decomposition of the olefin. Another plausible cause of the incomplete cyclohexene
balance is the conversion of cyclohexene oxide, presumably through polymerization.
Chapter 7 comprises a mechanistic study into the epoxidation of cyclohexane with cyclohexyl
hydroperoxide. It is shown that cyclohexyl hydroperoxide is converted via two competing
mechanisms, i.e. direct epoxidation and radical decomposition, of which the latter was found to
be the main source of cyclohexanone. Although the direct epoxidation mechanism is reported
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in literature to proceed non-radical, radical-inhibition experiments suggested the participation
of radicals. Most probably the activation of the peroxide by the titanium sites involves radical
formation, since free-radical were found to be not efficient in the direct epoxidation reaction.
In the presence of molecular oxygen from air, propagation reactions were found to incorporate
oxygen, causing the formation of cyclohexyl hydroperoxide from solvent oxidation. In the
absence of molecular oxygen, the hydroperoxide conversion exhibited first-order kinetics.
The rate constant that was found over 24 h reaction confirmed the stability of the catalyst.
In the presence of oxygen, the hydroperoxide conversion started to deviate from first
order behaviour after 2-3 h on stream, indicating that the radical deperoxidation reaction is
slow. The allylic oxidation of cyclohexene, yielding mainly β-unsaturated oxygenates through
the formation of cyclohexenyl hydroperoxide, was found to proceed through radical attack on
the olefin and only took place in the presence of molecular oxygen. Significant participation
of cyclohexenyl hydroperoxide as epoxidizing agent was not observed. Side reactions,
which the hydroperoxide and products may possibly undergo, were identified and evaluated.
Hydrolysis of the epoxide was found to be negligible. Dehydration of cyclohexanol into
cyclohexanone was confirmed by addition of cyclooctanol to the initial reaction mixture. The
role and stability of the catalyst was evaluated. From UV-Vis DR spectroscopy the formation
of reactive titanium-oxo species from hydrogen peroxide and cyclohexyl hydroperoxide was
confirmed. These species are proposed to be the active phase in the epoxidation reactions.
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Omdat er in de toekomst een wereldwijd tekort aan fossiele brandstoffen dreigt te ontstaan
neemt de vraag naar het efficiënter en duurzamer gebruik van energie en grondstoffen een
enorme vlucht. Voor de chemische industrie is katalyse één van de belangrijkste concepten, die
aan een oplossing voor deze uitdaging van de 21e eeuw kan bijdragen. De selectieve oxidatie
van organische moleculen is één van de voornaamste klassen van toegepaste katalytische
processen. Hoewel een aantal van deze processen al decennialang op grote schaal commercieel
wordt toegepast, ondervindt men nog altijd grote moeilijkheden en uitdagingen, in het
bijzonder in de beheersing van de selectiviteit en de daarmee samenhangende afvalstromen.
Daarnaast vraagt ook de verwachte verandering in de samenstelling en kwaliteit van de ruwe
grondstoffen om een andere aanpak van een proces. Vanuit dit oogpunt is het de doelstelling
van deze dissertatie om bij te dragen aan de ontwikkeling en het fundamentele begrip van
nieuwe katalytische routes voor de selectieve oxidatie van koolwaterstoffen met moleculaire
zuurstof als oxidant.
Deel I van dit proefschrift behandelt de selectieve oxidatie van methanol voor de
productie van waterstof voor toepassing in een elektrochemische brandstofcel. Waterstof
wordt beschouwd als één van de potentiële energiedragers, die in de toekomst als alternatief
voor fossiele brandstoffen kan dienen. Dat de gebruikte waterstof duurzaam geproduceerd
wordt is hiervoor een vereiste. Om waterstof te kunnen toepassen in een zogenaamde
“proton‑exchange-membrane” brandstofcel dient het slechts sporen van koolmonoxide
te bevatten. In Hoofdstuk 2 staat beschreven hoe de productie van waterstof uit methanol
door middel van partiële oxidatie over gedragen goudkatalysatoren verbeterd kan worden.
Het is gebleken dat de katalytische prestaties positief konden worden beïnvloed door de
aluminiumoxide gedragen goudkatalysatoren te modificeren (promoten) met geprecipiteerde
aardalkali metaaloxiden of lanthaanoxide. De selectiviteit naar waterstof nam toe, terwijl de
vorming van ongewilde bijproducten, zoals koolmonoxide en methaan, verminderde. Het
toevoegen van de promotor had geen merkbare invloed op de grootte van de gouddeeltjes en
de daarmee samenhangende katalytische activiteit. Echter, de trend in toenemende waterstof
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selectiviteit liep parallel met de toenemende basiciteit van de gebruikte promotoren, namelijk
MgO < CaO < SrO < BaO ≈ La2O3. Door de goud nanodeeltjes direct te verankeren op
lanthaanoxide kon de waterstof selectiviteit nog verder verbeterd worden. Ondanks dat het
gebruikte lanthaanoxide een zeer laag specifiek oppervlak heeft, vormde het goud zich toch
als afzonderlijke nanodeeltjes met een afmeting van 1-5 nm. De prestatie van deze katalysator
in de partiële oxidatie van methanol op 300 °C was constant voor tenminste 24 uur. Na
reactie zijn de gebruikte katalysatoren bestudeerd met behulp van transmissie elektronen
microscopie en Röntgen absorptie spectroscopie. Beide analyses leverden geen aanwijzingen
dat de gouddeeltjes tijdens de reactie op 300 °C zouden sinteren. De waterstof selectiviteit
werd slechts in geringe mate beïnvloed door de aangelegde methanol/ zuurstof verhouding.
Voor Hoofdstuk 3 hebben we de fundamentele grondslag van het beschreven promotieeffect van lanthaanoxide op de goudkatalysator voor partiële oxidatie van methanol
bestudeerd. Met behulp van in-situ Röntgen absorptie spectroscopie, tijdens reactie,
werden subtiele veranderingen in de oxidatietoestand van de gouddeeltjes waargenomen.
In het geval van een aluminiumoxide gedragen goudkatalysator, bleek uit de zogenaamde
‘delta‑mu’ analyse van de Au LIII XANES spectra dat de gouddeeltjes gedeeltelijk oxideerden
wanneer ze werden blootgesteld aan de reactie atmosfeer. In het geval dat de katalysator
lanthaanoxide bevatte werd echter de verdere reductie van initieel aanwezige goudoxiden
waargenomen. Met behulp van de FEFF8 code werden Röntgen absorptie spectra gesimuleerd
van een gouddeeltje waarop verschillende molecuulfragmenten geadsorbeerd werden. De
gesimuleerde spectra vormden een theoretische basis voor de experimentele waarnemingen
en de oxidatie van de gouddeeltjes kon verklaard worden door de adsorptie van moleculen of
molecuul fragmenten op de goud deeltjes. Dit verklaarde echter niet de waarnemingen, die
werden gedaan op de lanthaanoxide bevattende monsters. Een systematische studie naar het
exotherme ontledingsgedrag van de geprecipiteerde (hydr)oxidische goudfase met behulp van
differentiële scannende calorimetrie onthulde een hogere exotherme reactiewarmte voor het
lanthaanoxide gedragen monster vergeleken met het aluminiumoxide gedragen monster. Echter,
de gemeten waarden konden niet verklaard worden door de decompositie van het aanwezig
verwachte goud(III)hydroxide. Op basis van literatuurwaarden voor de ontledingswarmte
van verschillende oxidische goudfasen werd een reële tweetraps-ontleding, via de vorming
van Au2O3, voorgesteld. Het geprecipiteerde Au(OH)3 dehydrateert gemakkelijk tijdens het
drogen en vormt dan Au2O3. Het goudoxide ontleedt vervolgens zeer exotherm en veroorzaakt
de gemeten vrijgekomen warmte. Aluminiumoxide heeft blijkbaar een stabiliserende werking
op het goudoxide, waardoor deze tijdens de oxidatiereactie ook gemakkelijker vormt. De
verschillen in redoxgedrag werden weerspiegeld door de verschillen in katalytische activiteit
in de CO en H2 oxidatiereacties. Uit de beschikbare literatuur blijkt dat voor deze reacties de
vorming van gedeeltelijk geoxideerde gouddeeltjes essentieel is voor een hoge activiteit. Uit
de resultaten bleek dat lanthaanoxide verhindert dat de gouddeeltjes tijdens reactie oxideren,
waardoor de waterstof oxidatie en methanatie reacties grotendeels geblokkeerd worden. Dit
leidt tot een verhoogde selectiviteit voor waterstof productie.
Deel II van deze dissertatie beschrijft de selectieve oxidatie van alkanen met moleculaire
zuurstof door gedragen goudkatalysatoren. In Hoofdstuk 4 is de aërobe selectieve vloeistoffase
oxidatie van cyclohexaan door gedragen goudkatalysatoren bestudeerd. De selectieve oxidatie
van cyclohexaan naar een mengsel van cyclohexanol en cyclohexanon is een essentiële stap
in de industriële productie van nylon. Dit proces lijdt onder een zeer lage efficiëntie door de
optredende overoxidatie wanneer de conversie toeneemt boven de 4 %. In de literatuur staat
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in verscheidene publicaties beschreven dat gedragen goudkatalysatoren deze oxidatiereactie,
in vergelijking met het bestaande proces, zeer selectief kunnen katalyseren. Het doel van dit
onderzoek was een beter mechanistisch begrip van de goudgekatalyseerde oxidatiereactie te
ontwikkelen en de unieke eigenschappen van de gedragen goudkatalysatoren in deze reactie te
verklaren. Hiertoe werden verschillende goudkatalysatoren gesynthetiseerd, gekarakteriseerd
en onderworpen aan katalytische testreacties. De resultaten zijn vergeleken met de resultaten in
de literatuur en geijkt op twee industrieel toegepaste processen, namelijk de ongekatalyseerde
en de Co2+ geïnitieerde autoxidatie. In vergelijking met de ongekatalyseerde autoxidatie
doorliep de goudgekatalyseerde oxidatie een verkorte inductieperiode. Dit bevestigde de
actieve participatie van de goudkatalysatoren. Echter, door het verloop van de conversie en
de productselectiviteit in de tijd te vergelijken met de twee referentiesystemen, bleek dat
de goudkatalysatoren relatief traag waren en geen verbeterde selectiviteit bewerkstelligden.
De aanwezigheid van een vrije-radicalenvanger in het reagerende mengsel legde de
oxidatie volledig stil. Hiermee werd het volledige bewijs geleverd voor het optreden van
een radicaal mechanisme, dat de reactie onder de opgelegde experimentele condities drijft.
In beginsel is dit mechanisme dus niet anders dan het bekende autoxidatie mechanisme dat
juist in het industriële proces de vorming van de vele bijproducten veroorzaakt. In principe
is hier dus geen sprake van een katalytisch proces. Waarschijnlijk zijn de gecompliceerde
experimentele procedures, die om deze reactie correct te bestuderen nodig zijn, de oorzaak
van de misleidende hoge selectiviteiten zoals die in de literatuur beschreven staan. Indien de
toegepaste productanalyse niet adequaat is zal dit onopgemerkt leiden tot een onvolledige
massabalans en een te hoge selectiviteit als direct gevolg.
De goudkatalysatoren hadden echter wel een merkbare invloed op de reactie. Dit
resulteerde voornamelijk in een verhoogde productie van adipinezuur. De sterke interactie
tussen de polaire oxidatieproducten en het hoge specifiek oppervlak van de katalysatoren
is waarschijnlijk de drijfveer achter deze invloed. Deze hypothese werd bevestigd door de
gebruikte katalysatoren te analyseren met behulp van infrarood spectroscopie. In de spectra
werden karakteristieke absorptiebanden aangetroffen die sterke overeenkomst vertoonden
met de vibratiespectra van hydroxycapron- en adipinezuur.
In Hoofdstuk 5 bediscussiëren we de verdere toepasbaarheid van gedragen
goudkatalysatoren voor de selectieve oxidatie van alkanen met zuurstof. Hiertoe is de
selectieve gasfase oxidatie van methaan naar methanol bestudeerd. Een breed scala aan
gedragen goudkatalysatoren op reduceerbare en niet-reduceerbare metaaloxiden als
dragermateriaal, werd bereid en getest in zogenaamde temperatuur geprogrammeerde
reacties. Diffuse Reflectie (DR) UV-Vis-NIR spectroscopie en transmissie elektronen
microscopie toonden aan dat op alle dragers goud nanodeeltjes gevormd werden. Echter, de
katalysatoren zetten geen waarneembare hoeveelheid methaan om op temperaturen beneden
de 250 °C. Op hogere temperatuur werd de vorming van kleine hoeveelheden van de volledige
verbrandingsproducten CO2 en water waargenomen. Helaas werd in geen geval een spoor
van partiële oxidatieproducten, zoals methanol, formaldehyde, mierenzuur, methylformaat
of koolmonoxide, aangetroffen. In overeenstemming met de resultaten zoals beschreven in
Hoofdstuk 4, is er geen aanwijzing gevonden die duidt op selectieve C-H activering over de
goudkatalysatoren. De resultaten zoals beschreven in Deel II trekken de toepasbaarheid van
goudkatalysatoren voor selectieve oxidatie van alkanen sterk in twijfel.
In Deel III van deze thesis werd een katalytische oxidatieroute geïntroduceerd volgens
welke de opbrengst van waardevolle cyclische oxygenaten uit een industrieel cyclohexaan
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oxidatie proces in theorie verdubbeld kan worden. In Hoofdstuk 6 werd aangetoond
dat titaansilicaat gebaseerde materialen cyclohexeen kunnen epoxideren met cyclohexyl
hydroperoxide uit de cyclohexaan oxidatie als oxidator. Dit proces levert cyclohexanol,
cyclohexeenoxide en in mindere mate, cyclohexanon op met een gecombineerde selectiviteit
gebaseerd op hydroperoxide conversie van 170 %. Dit is een enorme verbetering ten opzichte
van de industrieel toegepaste Co2+ gekatalyseerde deperoxidatiereactie. De aanwezigheid van
geïsoleerde Ti4+ atomen in tetraëdrische coördinatie op het silica oppervlak werd aangetoond
met behulp van UV-Vis DR spectroscopie. Deze Ti4+ centra worden algemeen beschouwd
als de actieve centra voor epoxidatie reacties met hydroperoxiden. Ook in dit geval bleek
de aanwezigheid hiervan essentieel voor een hoge epoxidatie activiteit. Door het SBA‑15
materiaal op hoge temperatuur te calcineren werden de hydroxylgroepen van het silica
oppervlak verwijderd waardoor de materialen een hogere hydrofobiciteit vertoonden. Dit werd
vastgesteld door de dichtheid van de hydroxylgroepen op het silica oppervlak te bepalen met
behulp van thermogravimetrische analyses in combinatie met stikstof fysisorptie metingen.
Een verhoogde oppervlakte hydrofobiciteit bleek een positieve invloed te hebben op zowel
de activiteit als de selectiviteit van de katalysator. Het verhogen van de bulk olefine/ peroxide
(O/P) verhouding had een vergelijkbare invloed. Uit beide trends samen is geconcludeerd
dat zowel de hydrofobiciteit als de bulk O/P verhouding van grote invloed zijn op de lokale
O/P verhouding aan de actieve centra van de katalysator. Deze is op haar beurt weer van
invloed op de snelheid en de selectiviteit van het gehele proces, doordat onder meer ideale
omstandigheden de minder selectieve katalytische ontleding van het peroxide, geremd wordt.
De gesynthetiseerde titaangeënte silica materialen zijn in katalytische prestaties vergeleken met
referentie systemen, TS-1, Ti-BEA en TiO2 P25 en superieur bevonden. Dit is toegeschreven
aan de gehinderde toegang van het relatief grote peroxide in de nauwe poriën van de zeotype
materialen en aan het gebrek aan geïsoleerde Ti4+ centra in het geval van de TiO2. Ook reacties
met het kleinere tertiairbutyl hydroperoxide en waterstofperoxide, leverden slechts een lage
opbrengst. Dit werd toegeschreven aan de fasescheiding van het apolaire olefine en de waterige
peroxideoplossing. Een deel van de cyclohexeen kon na reactie niet gedetecteerd worden en
leek te verdwijnen uit het reactiemengsel. Dit kon toegeschreven worden aan een combinatie
van factoren, namelijk verdamping en radicaal gedreven decompositie van het olefine. De
radicaal geïnitieerde polymerisatie van cyclohexeenoxide is een laatste mogelijke oorzaak
voor de onvolledige massabalans. Door middel van het affiltreren van de katalysator tijdens
de reactie werd aangetoond dat het oplossen van actieve centra in het reactiemedium geen
rol speelt. Dit bleek ook uit de UV-Vis DR spectra van de gebruikte katalysator, waarin niets
duidde op aan afname van het titanium gehalte. De katalysatoren zijn getest op behoud van
activiteit bij hergebruik in opeenvolgende reacties. Wanneer de katalysator tussen de reacties
alleen gedroogd werd, nam de activiteit snel af. Wanneer de katalysator tussen de reacties
door gecalcineerd werd, werd de initiële activiteit echter volledig behouden.
Hoofdstuk 7 omvat een studie naar het mechanisme achter de cyclohexeen epoxidatie
met cyclohexyl hydroperoxide. Het is aangetoond dat het hydroperoxide wordt omgezet
volgens twee concurrerende mechanismen, namelijk de directe epoxidatiereactie en de
ontledingsreactie. De laatste werd geïdentificeerd als de voornaamste bron van cyclohexanon.
Hoewel de directe epoxidatiereactie in de literatuur bekend staat als niet-radicalair verlopend,
suggereerden radicaalinhibitie experimenten de betrokkenheid van radicaalchemie in beide
processen. Het meest waarschijnlijk is dat de activering van het peroxide door de titaniumcentra
gebeurd door homolytische verbreking van de peroxidebinding, waarna de gevormde radicalen
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met de titaniumcentra reactieve intermediairen vormen. Vrije radicalen, gegenereerd door een
opgeloste radicaalinitiator, waren namelijk niet in staat de epoxidatiereactie efficiënt uit te
voeren. In de aanwezigheid van lucht reageerde moleculaire zuurstof met de propagerende
radicalaire intermediairen waardoor nieuwe cyclohexyl hydroperoxide moleculen vormden.
In de afwezigheid van moleculaire zuurstof vertoonde de peroxideconversie eerste-orde
kinetiek. De snelheidsconstante die werd gevonden over 24 uur reactie bevestigde dat de
katalysator niet deactiveerde. In aanwezigheid van zuurstof begon de peroxideconversie na
2-3 uur reactie af te wijken van het eerste-orde gedrag. Dit gaf de indicatie dat de thermische
en/ of katalytische ontleding van het peroxide relatief langzaam verloopt. De allylische
oxidatie van cyclohexeen tot de onverzadigde oxygenaten verliep alleen door radicaalreacties
tussen het olefine en moleculaire zuurstof en werd toegeschreven aan de propagatiereacties
van het aanwezige cyclohexenyl hydroperoxide. Het cyclohexenyl hydroperoxide zelf droeg
geen waarneembare bijdrage aan de epoxidatie reactie. Zijreacties van het epoxide en het
hydroperoxide die kunnen optreden werden geïdentificeerd en geëvalueerd. Hydrolyse van
de epoxide-ring tot een glycol was minimaal, evenals de isomerisatie van cyclohexeenoxide
tot cyclohexanon. Dehydrogenatie van cyclohexanol naar cyclohexanon werd aangetoond
door initieel een hoeveelheid cyclooctanol toe te voegen aan het reactiemengsel. De rol van
de katalysator in de epoxidatie werd ook geëvalueerd. Door de katalysator te behandelen
met waterstofperoxide of cyclohexyl hydroperoxide werd met behulp van UV-Vis DR
spectroscopie de vorming van reactieve Ti-oxo groepen bevestigd. Deze groepen worden
algemeen beschouwd als de actieve intermediairen in een epoxidatiereactie. De voor deze
groepen karakteristieke absorptieband was ook aanwezig in het UV-Vis spectra van een
gebruikte katalysator.
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Safety Considerations

When dealing with the oxidation of organic compounds, highly flammable species are
mixed with strong oxidants, often at elevated temperatures. Obviously, this causes a serious
threat of a deflagration and an explosion of the reacting mixture.[1-4] Therefore safety issues
have to be considered, regardless whether one is designing a laboratorium-scale experiment
or a large-scale process. In practice this means that in industry, oxidations of hydrocarbons are
run outside the flammability range.
Flammability characteristics of fuel/ oxidizer mixtures can be expressed in a flammability
diagram. Figure A1 shows the flammability diagram of a cyclohexane/ oxygen/ nitrogen
mixture.[5] The Upper (UFL O2 ~ 45%) and Lower Flammability Limits (LFL O2 ~ 1.4%) of
cyclohexane in pure oxygen are indicated at the left hand axis. Within this range a mixture
of cyclohexane and pure oxygen can be ignited. Outside these limits, the mixture is either
too rich or too lean of fuel to form a propagating reaction front. When adding an inert gas
as nitrogen to the mixture, a procedure called ‘inerting’, the range in which fuel and oxidant
mixtures are still flammable narrows until the oxygen concentration is that low, that ignition
of the mixture is not longer possible at any condition.[5, 6] This particular point is called the
Limiting Oxygen Concentration (LOC) or Minimum Oxygen Concentration (MOC). In the
case of cyclohexane this happens at an oxygen concentration of 11.7%. For safe operation it is
advisable to run any experiment or process well below this limit. The ‘air line’ in the diagram
connects the pure fuel and air (21% O2/N2) points and represents mixtures of pure fuel with
Table A1. Characteristic flammability numbers for different compounds at ambient conditions.[7]

a

Compound

UFL O2
(%)

LFL O2
(%)

UFL
(%)

LFL
(%)

LOC
(%)

Cyclohexane

45

1.3

1.3

8.4

11.7

Methane

61

5.2

13.3

5

12.1

Methanol

7.3

11.1a

7.3

11.1a

8.6

Flammable boundary at saturation.
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air. The points were the air line crosses the flammability range, are known as the UFL and
LFL and are often referred to when assessing the flammability of compounds. In Table A1
the important numbers for cyclohexane, methane and methanol are listed. It must be noted
that these numbers and diagrams are only valid at ambient conditions. Especially the UFL
is severely affected by temperature and pressure changes.[7] It is importeant to note that also
at the reactor outlet, oxygen might still be present. Therefore, one should also consider the
flammability characteristics of the product stream.

Figure A1. Flammability diagram
of
cyclohexane,
methane
and
methanol/ O2 mixtures with N2 as inert
component at ambient conditions. The
Upper and Lower Flammability Limits
(UFL and LFL) and Limiting Oxygen
Concentration (LOC) are indicated. The
white area represents the flammability
range.
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