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Abstract
Living style of human kind in this era has a large dependence on energy and
petroleum based products. As the population grows; the world’s fossil fuels, minerals,
and natural resources are being depleted. Currently, as many nations are developing and
new markets and economies are emerging, the need for the development of new products
is becoming a critical factor to increase the standard of living. Furthermore,
environmental and political concerns regarding pollution and global warming, motivate
the search for new and innovative routes for the synthesis of chemicals in a sustainable
and environmentally friendly manner.
The catalytic oxidation of cyclohexane is a worldwide chemical process used for
the synthesis of KA oil (mixture of cyclohexanol and cyclohexanone). KA oil is then
used as raw material for the production of caprolactam and adipic acid, which are
precursors to nylon 6 and nylon 66.1 A sustainable, non-conventional, and
environmentally friendly route for this chemical process is the liquid phase photocatalytic
selective oxidation of cyclohexane using TiO2 as catalyst.
The effect of several factors on the reaction activity and selectivity have been
extensively investigated. Some factors include, reaction solvent, oxygen flow bubbled
throughout the reaction, light wavelength, particle size and crystal phase of the catalyst,
and surface modifications of the catalyst (surface silylation and ion doping). Although
the use of TiO2 to selectively oxidize cyclohexane to cyclohexanol and cyclohexanone
has been a popular research topic, fast deactivation and therefore low conversion have
been found to be the two major drawbacks. Research studies have concluded that strongly
adsorbed intermediates and products such as cyclohexylperoxides, cyclohexanol, and
xvi

especially cyclohexanone are further oxidized to carboxylates and carbonates, which are
responsible for the fast deactivation of the TiO2 surface. It was also found that a superior
photocatalytic performance is obtained by enhancing the rate of desorption through
surface silylation of TiO2. Even though, the hydrophobic catalyst promoted the desorption
of the reaction intermediates that have strong polar affinity to the surface, it did not retain
its hydrophobic nature under the photocatalytic reactions conditions.2
In this work, two different approaches were followed in order to enhance the
stability of the hydrophobic catalyst. In the first approach, a catalyst named as
TiO2@mSiO2 + OTS was synthesized. This catalysts consists of a mesoporous silica shell
covering TiO2 nanoparticles, and then hydrophobized by treatment with OTS. In the
second approach, the catalysts, TiO2/mSiO2 + OTS, was synthesized by impregnating
TiO2 onto mesoporous silica, and then hydrophobized by treatment with OTS. Both
approaches use mesoporous silica to protect the hydrophobic functional groups as well as
to significantly increase the surface area of the catalyst. Mesoporous silica was used in
order to guarantee good accessibility of the molecules to the active site (TiO2). As
thoroughly explained in the results and discussion section, the catalyst TiO2/mSiO2 +
OTS significantly outperform the catalytic behavior of TiO2@mSiO2 + OTS.
In order to provide fairly detailed information about the structure and
functionality of the catalysts, several characterization techniques were employed
including transmission electron microscopy (TEM), scanning electron microscopy
(SEM), Brunauer, Emmett and Teller (BET) surface analysis, Fourier transform infrared
spectroscopy (FTIR), thermogravimetric and mass spectrometer analysis (TG-MS),
diffuse reflectance UV-Vis spectroscopy (DR UV-Vis), and x-ray diffraction analysis
xvii

(XRD). The results from the characterization techniques applied to TiO2@mSiO2 +
OTS are discussed in the appendix.
Further work was initiated with m-cresol and furfural as model reaction
compounds of bio-oil obtained from biomass. The main goal was to study the feasibility
of using photocatalytic partial oxidation reactions with oxygenated molecules that
would lead to the formation of functional groups, offering alternative routes for
coupling reaction and further upgrading to fuels and fine chemicals.

xviii

CHAPTER 1: FUNDAMENTAL ELEMENTS IN
PHOTOCATALYSIS
1.1. Introduction
Pollution levels, global warming, and abnormal climatic changes are the most
consequential threats currently being faced by humanity. The development of
environmentally friendly, clean, sustainable, and safe energy chemical technologies
such as photocatalysis will lead humankind towards the solution of these problems. In
the last three decades, research studies about photocatalysis on semiconductor surfaces
have become much more abundant. Photocatalysis has a high potential for a wide range
of industrial applications such as air and water purification. Also, photocatalysis has
been found to be a promising route for production of fuels from water and atmospheric
gases, as well as selective organic synthesis.
Titanium dioxide, TiO2, is a very well-known semiconductor that has been
proven to be a promising and low cost catalyst for photocatalytic reactions.3,4,5
Moreover, TiO2 exhibits chemical stability, nontoxicity, and high reactivity; making it
an ideal and powerful photocatalyst for various chemical processes.6
The selective oxidation of aromatics and alkanes is an attractive topic of
research since higher-valuable products can be obtained from reasonably inexpensive
feedstocks. However, there are few studies concentrated on the application of
photocatalysis for synthesis and production of valuable products via selective
oxidation.7,8,9,10 The main focus of the photocatalytic studies using semiconductor
materials has been the total oxidation of organic molecules with application on
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degradation of contaminants present in water and air.11,12,13,14,15,16,17 There is a high
potential to use photocatalysis as an innovative approach for the synthesis of fine and
specialty chemicals via selective partial oxidation.
1.2. Principles of Heterogeneous photocatalysis
Photocatalysis is defined as the catalytic process in which the catalyst is
activated by light. The process involves four fundamental steps photon absorption,
electron-hole pair generation, charge transport, and surface reactions.18 Figure 1 shows
the overall photocatalytic reaction process. A semiconductor aggregate of nanoparticles
is illustrated with the respective conduction and valence band edges.

Figure 1. Electron energy band diagram of titania.19
As heterogeneous catalysts, a photocatalyst can be used in gas and liquid phases
(with both, pure organic solvents or aqueous solutions). The only difference between
conventional heterogeneous catalysis and photocatalysis is the mode of activation of the
2

catalyst. Heterogeneous catalysts, e.g., metals, acids, and oxides are thermally activated
whereas photocatalysts are activated by light.20, 19, 21, 22 According to Herrmann, the
photocatalytic process can be broken down into four steps:20, 19, 21
1. The semiconductor (SC) absorbs photons whose energy (hv) is equal to or
higher than its bandgap energy. The term “bandgap” refers to the energy difference
between the top of the valence band (VB) to the bottom of the conduction band (CB) in
the semiconductor material. In order to guarantee a true photocatalytic regime, the light
must be absorbed by the semiconductor catalyst and not by the reactants or intermediate
products. This ensures the absence of photolysis in the reactive system.
2. Creation of electron-hole pairs. The absorption of photons induces the
excitation of electrons (e-) from the VB to the CB, leaving holes (h+) (which are
electron vacancies or virtual positive electrical charges), behind in the VB.23, 24
3. Migration of the electron-hole pairs to the surface. Once the electron-hole pair
has been generated, there are different pathways that will define their fate. Figure 2
shows the possible paths that electrons and holes can follow within a semiconductor
particle. The e- or h+ charge carriers may not transport all the way to the surface and
recombine at the bulk of the semiconductor (Path B). Additionally, the e- or h+ charge
carriers can migrate from the bulk to the surface and undergo recombination at the
surface of the semiconductor in the absence of adsorbed species that act as scavengers
(Path A1/A2). A third path can be followed when adsorbed species are available to
initiate electron transfer reactions (Path C1/C2). The efficiency of the photocatalytic
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reaction can be reduced by the rate of electron-hole recombination. When electron-hole
recombination occurs the photoelectronic energy is degraded into heat.20, 19,21

Figure 2. Schematic representation of pathways for electron and holes
within the spherical particle of TiO2.25

4. Electron transfer reactions at the surface such as charge neutralization, radical
formation, surface reactions, etc. This step is also known as surface electrocatalysis.18
Due to the existence of both e- and h+ electrical charges, the adsorption of the reactants
is followed by redox reactions. An adsorbed chemical specie (𝐴𝑎𝑑𝑠 ) is reduced when it
gains electrons (𝐴−
𝑎𝑑𝑠 ). On the other hand, a compound (𝐷𝑎𝑑𝑠 ) is oxidized when it loses
+
electrons (𝐷𝑎𝑑𝑠
). Thus, depending on the redox potential (energy level) of each

adsorbed specie, the following reactions occur:
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ℎ𝑣 + 𝑆𝐶 → 𝑒 − + ℎ+
𝐴𝑎𝑑𝑠 + 𝑒 − → 𝐴−
𝑎𝑑𝑠
+
𝐷𝑎𝑑𝑠 + ℎ+ → 𝐷𝑎𝑑𝑠

The electron-hole pairs generated are transferred to acceptor and donor
molecules at the surface, forming ions and radicals that then react to yield the
intermediates and final products.
1.3. TiO2 as photocatalyst
The development of highly active heterogeneous photocatalysts has gained great
attention in recent years, putting effort on the use of semiconductors such as TiO2, ZnO,
CeO2, ZrO2, SnO2, CdS, and ZnS for photocatalytic applications.26 Among these
materials, titanium oxide (TiO2) has been proven to be the most promising material
because of its convenient valence and conduction band positions as well as its long term
stability, non-toxicity, easy availability, and low cost.
Figure 3 shows the valence band and conduction band edge positions, light
absorption onsets, and band gap energies of some semiconductors. A high oxidation
potential is desired in order to increase the electron affinity of the hole (bearing a
positive charge). A high reducing potential is desired with the aim of facilitating the
electron transfer to an acceptor molecule. TiO2 has convenient band edge positions,
generating electrons that have moderate reducing power (maximum of -0.5 V) and holes
with very high oxidizing power (maximum of +2.7 V).26
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Figure 3. Valence band and conduction band edge positions, light
absorption onsets, and band gap energies of some semiconductors. NHE
(normal hydrogen electrode).26
There are three crystal modiﬁcations of TiO2, (anatase, rutile, and brookite).
These polymorphs exhibit different photocatalytic performances. Although anatase has
a higher band gap energy (3.2 eV) than (3.03 eV) of rutile, the photocatalytic activity of
anatase is greater. Brookite is difficult to synthesize compared to anatase and rutile so it
is hardly ever reported as photocatalyst. The reasons for the observed differences in
photocatalytic activity are still a matter of debate. Some explanations include:
1. Type of band gap: Density functional calculations conducted by Zhang et al.
indicated that anatase exhibits an indirect band gap while rutile and brookite have a
direct band gap,27 which is illustrated in Figure 4. In a direct band gap, the momentum
of electrons and holes is the same in the conduction band and the valence band. This is
not desired since the photogenerated electron in the conduction band can directly emit a
photon and recombine with a hole in the valence band. On the other hand, in an indirect
band gap, a photon cannot be emitted because the electron must pass through an
intermediate state and transfer momentum to the crystal lattice. Consequently, the
6

photoexcited electrons and holes have a longer lifetime in an indirect band gap because
photogenerated electrons cannot move directly from the conduction band to the valence
band of TiO2 anatase. This results in a lower recombination rate in anatase compared to
rutile and brookite. Hence, enhancing the availability of photoexcited electrons and
holes to participate in surface chemical reactions.27

Figure 4. Electron-hole recombination processes in anatase (indirect band
gap) and rutile (direct band gap).27

2. Different specific surface area: Anatase and brookite are metastable phases
while rutile is the stable phase.28 Although, anatase is thermodynamically less stable
than rutile, its formation is kinetically favored at temperatures lower than 600 °C.21 At
higher temperatures, anatase transforms irreversibly to rutile. According to Herrmann,
the lower temperature needed for the formation of anatase could be responsible for its
higher surface area.20, 19, 21 The superior photocatalytic activity of anatase compared to
rutile has been correlated by the higher surface area as well as the larger surface
adsorption capacity to hydroxyl groups.29, 30
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3. Grain size: As portrayed in Figure 5, anatase has a smaller grain size than
rutile. Accordingly, the distance from the bulk to the surface is smaller in anatase than
in rutile. Therefore, the charge carriers of anatase migrate more easily to the surface.
This implies that a higher number of e--h+ pairs can participate in photocatalytic
reactions in the case of anatase.27

Figure 5. Diagram illustrating the photogenerated electrons and holes for
rutile and anatase particles.27
It is also stated that mixed-phase samples of anatase and rutile outperform the
individual polymorphs. However, the possible explanations are still being debated. In
general, the band gap energy of anatase and rutile are specified as 3.20 eV and 3.03 eV,
respectively. According to recent photoemission experiments, the conduction band of
anatase lies 0.2 eV below that of rutile.31 By combination of theory and experiments
(XPS measurements), Scanlon et al. concluded that the electron affinity or work
function of rutile is 0.2 eV lower than that of anatase (Figure 6.b). The opposite case
has been also proposed (Figure 6.a).32 The authors claim that a type-II (anatase) band
alignment considerably lowers the effective band gap energy but at the same time, it
facilitates an efficient electron hole separation.33
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Figure 6. Proposed valence and conduction band alignment mechanisms for
the anatase/rutile interface. a. Type-II (rutile). b. Type II (anatase). Red
arrows indicate the flow of electrons in the conduction band and holes in
the valence band.33
1.4. Influence of operational parameters in photocatalysis
The identification of the oxidant in photocatalytic reactions on TiO2 has been
one of the major mechanistic issues. There are many debates about the relative role of
VB holes for direct oxidation (electron transfer between the organic molecule to the
hole), versus hydroxyl radicals (OH•) for ‘indirect’ oxidation (e.g. homolytic hydrogen
abstraction from the organic molecule by the OH•).34 There has been also discussion
about how OH• are formed, which can be either by direct hole oxidation of adsorbed
H2O and/or hydroxyls ions, or via electron scavenging reactions involving O2.34-35
Reaction conditions can also play a role in deciding which oxidant is available and most
useful. According to Henderson, at high organic coverage the VB holes are the key
oxidizer because of the inability of water or O2 to gain access to the surface.34 The
9

amount of oxygen, type of solvent, light wavelength, radiant flux, reactor material, mass
of catalyst, pH, and reactant initial concentration are some important parameters that
need to be taken into account in photocatalysis and are briefly discussed in the next
pages.
1.4.1. Oxygen role in photocatalysis
Photo-oxidation can happen by electron transfer between the hole generated in
the VB or the OH• radicals and the substrate. On the other hand, photo-reduction
involves coupling of an electron in the CB with an acceptor adsorbed specie. However,
in order to prevent back-electron transfer to the TiO2 CB, the coupling has to be
strong,34 i.e., the charge transfer from the reduced surface to the adsorbate occurs if the
electronegativity of the adsorbate exceeds the surface electronegativity of TiO2 (e.g.,
O2, O, Cl, and F have a higher electronegativity than TiO2). In such cases there is no
back-electron transfer to the TiO2 CB. On the other hand, upon adsorption of species
with low electronegativity (e.g., H2O, NH3, and H2S), there is no net electron transfer to
the TiO2 CB.23 Consequently, the O2 molecule has been found to be a good e- scavenger
and it has been widely used in photocatalytic reactions. Nonetheless, the electron
transfer dynamics of the reaction between the O2 molecule and an excited electron in
the TiO2 CB is not yet well-understood.
The sources of oxygen in photocatalytic reactions on TiO2 include molecular
oxygen, water, surface hydroxyls, and the involvement of lattice oxygen. According to
Henderson, lattice oxygen is not really recognized but should also be taken into
consideration in order to understand photocatalysis over TiO2.34 However, some studies
concluded that lattice oxygen does not play a role in photocatalysis.36 By means of
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photoluminescence (PL) studies, Stevanovic et al. found that the O2 molecule can
behave two ways. One way, as a reversibly adsorbed electron-acceptor molecule, and
the second way as an irreversibly adsorbed molecule that reduces the concentration of
natural oxygen vacancy defects in the near-surface region of TiO2.37
1.4.2. Solvent and wavelength
Solvent choice is also an important factor. The solvent must be able to dissolve
the substrates but must not be a strong UV absorber itself. Also, the solvent should not
undergo hydrogen atom abstraction or other reactions with the excited state.38
Acetonitrile is commonly used as a solvent for photocatalytic reactions because it is
relatively inexpensive, good at dissolving polar substrates, does not absorb UV light at
wavelenghts higher than 190 nm, and it is stable under photocatalytic conditions toward
redox reactions.15,9-10, 38 Photocatalytic reactions are often performed in solvents such as
benzene, acetonitrile, carbon tetrachloride or methanol.39 However, safety precautions
need to be taken because these are hazardous solvents. Also, it is important to make
sure that the solvent does not absorb UV light in order to conserve the exclusive
photoactivation of the catalyst for a true heterogeneous catalytic regime. Table 1 shows
the different solvents commonly used and their corresponding threshold for UV light
absorption.
Table 1. UV absorption onset for different solvents.40
Solvent
Acetonitrile
Water
Cyclohexane
Hexane
Methanol
Dichloromethane
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λ (nm)
190
191
195
201
203
220

When having water as solvent, the TiO2 surface is completely hydrated and
hydroxylated due to its amphoteric hydroxyls groups. Hence, the adsorbed H2O or OHanions are oxidized by h+ to form OH radicals. These OH radicals are strong unselective
oxidizing agents that can oxidize organic compounds.20
−
∗
𝑂𝐻(ads)
+ ℎ+ → 𝑂𝐻(ads)

According to Fu et al., water can either promote the OH• radicals formation or
block the surface sites needed for reactants. Water can be a promoter or inhibitor
depending on the following aspects: the relative binding of water versus organic
molecule to the surface, concentration of water and organic present, and mechanism by
which the organic is photochemically activated (e.g., OH• radicals versus direct hole
oxidation).41
Regarding the promoter role, Muggli and Falconer stated that the oxygen atom
in water can be incorporated into the products and intermediates of a typical
photooxidation reaction.42 Furthermore, the surfaces coverages of reactants,
intermediates, and products can be moderated and redistributed by water assistance.43
Nonetheless, the most important benefit attributed by water to the photochemical
processes on TiO2 is the generation of reactive radicals, such as OH•, responsible for the
photooxidation reactions.44
In regard to the inhibiting role, water can act as a blocker of surface sites.
Organic molecules that bind weakly to oxide surfaces and prefer oxidation by holes, the
initial photooxidation step decreases greatly at higher relative humidity values where
water dominates the chemisorbed layer and occupies important adsorption and/or
reaction sites on the surface.34 On the other hand, a strongly bound organic molecule
12

that oxidizes by OH• will have a low rate of photooxidation at very low relative
humidity, and will see a rate increase with increasing relative humidity.34 Moreover, it
has been suggested that the destabilization or access of reactants such as O2 to the TiO2
surface can be limited by water layers (formed by hydrogen-bonded networks at room
temperature) situated above TiO2 surfaces.31 These effects could be partially mitigated
by increasing the reaction temperature (to ∼50-100 °C), and therefore lowering the
water coverage on the surface.12 Higher temperature might have the opposite effect
when water is a promoter.
1.4.3. Radiant flux
In photocatalytic reactions the catalyst is activated by light with the participation
of photo-induced electrical charges (e- and h+). At high radiant fluxes, the instantaneous
concentrations of e- and h+ increase. However, the rate of reaction is proportional to the
radiant flux only up to a certain value. Above this point, the rate of generation of e- and
h+ becomes greater than the photocatalytic reaction rate, leading to electron-hole
recombination.20
1.4.4. Mass of catalyst
In photo-reactors the initial rate of reaction has been found to be directly
proportional to the mass of catalyst, indicating a true heterogeneous catalytic regime.
However, this behavior is only observed until a certain catalyst loading. At some point,
the reaction rate levels off and becomes independent of the photocatalyst concentration.
When solutions are highly concentrated, light scattering occurs decreasing the amount
of light penetrated. Therefore, the catalyst concentration has to be optimized in order to
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ensure a complete absorption of photons. In general, the concentration of photocatalyst
goes from 0.2 to 2.5 g L-1.
1.4.5. pH
In heterogeneous photocatalysis pH is another important parameter because it
can either affect or enhance the rate of adsorption of the reactants on the catalyst
surface. TiO2 is an amphoteric compound that can react both as an acid and as a base.
The isoelectric point of zero charge (PZC) refers to the pH at which a molecule carries
no net electrical charge, e.g. the PZC of TiO2 is 6.3.45 Thus, the net charge on the TiO2
surface is affected by the pH of its surrounding environment. As shown in the equations
below, at pH < PZC, the TiO2 surface becomes more positively charged due to the
gains of protons (H+), which favors electrostatic attraction forces with anionic
compounds, improving the rate of adsorption. At pH > PZC, the TiO2 surface becomes
more negatively charged and anionic compounds are now repulsed, decreasing the rate
of adsorption. When pH = PZC, moderate adsorption of anions and cations can be
expected.46
At 𝑝𝐻 < 𝑃𝑍𝐶: 𝑇𝑖𝑂𝐻2+ ↔ 𝑇𝑖𝑂𝐻 + 𝐻 +
At 𝑝𝐻 > 𝑃𝑍𝐶: 𝑇𝑖𝑂𝐻 + 𝑂𝐻 − ↔ 𝑇𝑖𝑂− + 𝐻2 𝑂
1.4.6. Initial concentration of reactant
Generally, the rate of photocatalytic reactions is affected by the initial
concentration of organic compounds. A longer irradiation time is required for high
concentrations of organic compounds in order to reach a certain level of conversion. If
the concentration is too high, the organic molecule can saturate the surface of TiO2
decreasing the photonic efficiency.
14

1.4.7 Photocatalytic Quantum Yield
The eﬃciency of photocatalytic reactions can be evaluated by the measuring of
the photonic eﬃciency (ζ), which is the rate of formation of reaction products divided
by the incident photon ﬂux. Unfortunately, ζ is usually found to be rather small. One
the reasons for the relatively low ζ values (<10%) of most semiconductor-based
photocatalytic reactions is that most of the photogenerated e−/h+ pairs (∼90%)
recombine rapidly after excitation.47,48 The electron-hole recombination is a highly
exothermic process that restitutes most of the band gap energy absorbed by the
semiconductor. Many factors such as sample preparation, reaction temperature, charge
trapping, interfacial charge transfer, excitation, and radiant flux have been found to
affect the electron−hole recombination process.23, 49
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CHAPTER 2: KEY CONCEPTS IN RADICAL REACTIONS
David Klein devotes an entire chapter of his book, Organic Chemistry, to
describe radical reactions.50 A brief summary of the main concepts related to radicals is
given in this section. As shown in Figure 7, radicals are formed as a result of homolytic
bond cleavage. Homolytic cleavage is the breaking of a bond in such a way that each
fragment gets one of the shared electrons.

Figure 7. Homolytic bond cleavage.50
Some bonds are easier to cleave than others. Figure 8 illustrates the stability of
primary, secondary, and tertiary radicals. As in the case of carbocations, tertiary radicals
are the most stable and have the lowest bonding dissociation energy (BDE) for the C-H
bond (406 kJ/mol), see Figure 9. This implies that it is easier to cleave homolytically
the C-H bond in a tertiary carbon. However, resonance-stabilized radicals are even more
stable than tertiary radicals. As shown in Figure 10, the C-H bond at an allylic (364
kJ/mol) or benzylic position (356 kJ/mol) have lower BDE than a tertiary carbon.50

Figure 8. Order of stability for carbon radicals.50
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Figure 9. Bond dissociation energies for various C-H bonds.50

Figure 10. Comparison of bond dissociation energies for several C-H
bonds.50
It is also important to point out the difference between an allylic and a vinylic
position. A vinylic position does not have a resonance structure and it is not resonance
stabilized. Additionally, as observed in Figure 11, the BDE for a vinylic position (464
kJ/mol) is even higher than the one for a primary carbon (423 kJ/mol), this means that
more energy is needed to cleave a C-H at a vinylic position than all the other cases
previously mentioned.50

Figure 11. Comparison of bond dissociation energies for several C-H
bonds.50
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Figure 12 displays the common patterns in radical mechanisms including:
hemolytic cleavage which is the opposite of coupling; addition to a π bond which is
opposite to elimination; and hydrogen abstraction which is similar to halogen
abstraction.
Homolytic bond cleavage (a) requires a large input of energy in the form of heat
or light. Photolytic reactions are in general carried out at room temperature, therefore,
the energy necessary to cause hemolytic bond cleavage would be supplied by light.
Coupling (f) happens when two radicals join together and form a bond.50
In a radical molecule, there are two relevant positions, α and β positions. The α
position is the carbon bearing the unpaired electron. The β position is the adjacent
carbon to the α position. A radical can add to a π bond (b), break it and form a new
radical. In elimination (e) a double bond forms after the cleavage of a single bond at the
β position.50
Finally, a radical can abstract a hydrogen atom (proton and electron, H•) or a
halogen atom from a compound and form a new radical, patterns (c) and (d),
respectively.50

(a)

(b)

(c)

(d)

(e)

Figure 12. Common patterns in radical mechanisms.50
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(f)

Radical initiators and inhibitors
Radical reactions can be initiated by radical initiators but can also be restricted
by radical inhibitors. Radical initiators are compounds containing a weak bond that
requires a lower amount of energy in order to undergo homolytic cleavage. For
instance, peroxides are radical initiators containing an O-O bond that is weak and only
requires 159 kJ/mol of energy to break, see Figure 13.50

Figure 13. Formation of radical initiators from a peroxide.50
Additionally, radical’s inhibitors (radical scavengers) destroy radicals by
coupling with other radicals. One example is the diradical oxygen molecule (O2). Each
oxygen atom is able to couple with other radicals, thereby destroying them. Generally,
all of the available oxygen has to be consumed first so the radical chain reactions occur
fast. As shown in Figure 14, hydroquinone is another radical inhibitor that can undergo
hydrogen abstraction when meeting another radical and therefore producing a less
reactive resonance-stabilized radical. This resonance-stabilized radical can meet another
radical and undergo another hydrogen abstraction forming benzoquinone.50

Figure 14. Benzoquinone as radical inhibitor.50
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CHAPTER 3: PHOTOCATALYTIC SELECTIVE OXIDATION OF
CYCLOHEXANE
3.1. Overview
Among the selective oxidation reactions, the photocatalytic partial oxidation of
cyclohexane in liquid phase using TiO2 as catalyst, has been widely studied.51, 52, 53, 54, 55,
2

This reaction is important because cyclohexanone can yield ε-caprolactam which is

the precursor to Nylon 6, a popular synthetic polymer.51 As illustrated in Figure 15,
cyclohexane can undergo partial oxidation to either cyclohexanol or cyclohexanone,
and then further oxidation reactions lead to the formation of CO2.

Figure 15. Photocatalytic oxidation of cyclohexane.
Carneiro et al. proposed a simplified scheme illustrated in Figure 16, for the
photocatalytic oxidation of cyclohexane using TiO2.53 The left side of Figure 16
illustrates the formation of an electron-hole (e-, h+) pair that occurs as a result of light
excitation of the semiconductor. Subsequently, surface reactions occur between the
holes that reach the surface of the catalyst and the surface hydroxyl group (OHads) or
adsorbed water (H2Oads). This results in the formation of surface hydroxyl radicals
20

(OH•) which are known to be the primary oxidizing species in photocatalytic oxidation
reactions.53 Next, the surface adsorbed cyclohexane undergoes hydrogen abstraction by
the surface OH• making cylclohexyl radicals and water.
As shown in the right side of Figure 16, once the electrons generated reach the
surface, they interact and reduce the TiIV center. The molecular oxygen bubbled
throughout the reaction reacts with the reduced TiIII center producing superoxide anions
(O2-) which play an important role in the selective generation of cyclohexanone, as
discussed below.53

Figure 16. Simplified scheme of the photocatalytic oxidation of cyclohexane
using TiO2.53

3.2. Mechanism of photocatalytic oxidation of cyclohexane
In the following year, Carneiro et al. proposed the mechanism for the
cyclohexane selective photocatalytic oxidation to cyclohexanone (mechanism A in
Figure 17), and cyclohexanol (mechanism B in Figure 17).55 It can be observed that
peroxide intermediates are formed from the reaction between the cyclohexyl radicals
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and the superoxide anions. According to mechanism (A), cyclohexanone is formed as a
result of the acid-catalyzed peroxide decomposition and regeneration of the surface
hydroxyl group. Once cyclohexanone is formed at the surface, it can either desorb to the
reaction medium or further oxidize to carboxylates, carbonates and ﬁnally to CO2/H2O.
According to mechanism (B), the combination of two cyclohexylperoxy radicals at the
catalyst surface produces cyclohexanol and cyclohexanone simultaneously. Strongly
adsorbed reaction intermediates can also be responsible for the carboxylates and
carbonates formation that cause the deactivation of OH groups on the TiO2 surface.55

Figure 17. Top: Acid-catalyzed peroxide decomposition and formation of
cyclohexanone, with regeneration of the hydroxyl group.52 Bottom:
Illustration of the mechanism for the photocatalytic selective oxidation of
cyclohexane. Path (A) indicates the formation of cyclohexanone, and path
(B), the formation of cyclohexanol.55
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3.3. Research objective
The influence of several factors on the mechanism and selectivity of the reaction
has been widely investigated. Some factors include, solvent,56, 57, 58 oxygen flow, light
wavelength,51, 59 crystal phase30, 60 and particle size of the catalyst,55 ion doping,38
surface silylation,2 and catalyst deactivation and regeneration.52, 54 The use of TiO2 to
selectively oxidize cyclohexane to cyclohexanol and cyclohexanone is of great interest.
However, fast deactivation and therefore low conversion have been found to be two
potential problems of using TiO2 as catalyst.2 Attenuated total reflection Fourier
transform infrared (ATR-FTIR) studies carried out by Almeida and Carneiro et al.
stated that strongly adsorbed intermediates and products such as cyclohexylperoxides,
cyclohexanol, and especially cyclohexanone are further oxidized to carboxylates and
carbonates, which are responsible for the fast deactivation of the TiO2 surface.52, 54
The rate of desorption of intermediates and products can be promoted by
tailoring the chemical nature of the solvent, reaction temperature, and catalyst surfaces.
Almeida et al. showed that the selective photo-catalytic oxidation of cyclohexane can
be enhanced by increasing the rate of desorption through surface silylation of TiO2.2
Due to the improved desorption, the silylation helps to reduce the rate of formation of
surface deactivating carbonate and carboxylate species on TiO2. Consequently, the rate
of catalyst deactivation also decreases. However, the hydrophobic catalyst was found to
be unstable under UV light conditions.2
In this work, it is attempted to synthesize a more stable hydrophobic catalyst that
conserves its hydrophobic nature at the reaction conditions with the aim of achieving a
more selective oxidation process. In order to accomplish this, two different photostable

23

catalysts (TiO2@mSiO2 core-shell + OTS and TiO2/mSiO2 + OTS) were synthesized
and their photocatalytic performance was evaluated. The photocatalytic activity and
selectivity of the most promising catalyst, TiO2/mSiO2 + OTS, is discussed, as well as
the photocatalytic performance of the commercially available catalysts, TiO2 and TiO2
T805.
In order to provide fairly detailed information about the structure and
functionality of the catalysts, the following characterization techniques were employed
for the most promising catalyst: transmission electron microscopy (TEM), scanning
electron microscopy (SEM), Brunauer, Emmett and Teller (BET) surface analysis,
Fourier transform infrared spectroscopy (FTIR), thermogravimetric and mass
spectrometer analysis (TG-MS), diffuse reflectance UV-Vis spectroscopy (DR UVVis), and x-ray diffraction analysis (XRD).
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CHAPTER 4. EXPERIMENTAL METHODS AND PROCEDURES
4.1. Chemicals and materials
TiO2, anatase 99.9% (metal basis) was purchased and used as received from
Alfa Aesar. AEROXIDE® TiO2 T805 (3.2 wt% of C content) was purchased from
Evonik. Octadecyltrichlorosilane 95% (OTS), barium hydroxide anhydrous 94-98%
Ba(OH)2 were purchased from Alfa Aesar, and ammonium hydroxide 28.8% (NH4OH),
from Fisher Chemical. Tetraethyl orthosilicate 99.999% (TEOS), titanium (IV)
isopropoxide ≥97%, hexadecyltrimethylammonium bromide ≥99% (CTAB), and pure
ethanol 99% (C2H5OH) were purchased from Sigma-Aldrich. Cyclohexane 99.9% was
purchased from Sigma-Aldrich and used without any puriﬁcation. Distilled water was
used for catalysis synthesis and reactions experiments.
4.2. Catalyst preparation
4.2.1. Synthesis of TiO2@mSiO2 core-shell
Synthesis of TiO2@mSiO2 core-shell was performed following a procedure
adapted from the ones suggested by Yoon et al.61 and Deng et al.62 2 g of TiO2,
anatase, 99.9% were dispersed in 40 ml of distilled H2O and 4 mL NH4OH solution (50
% aq. Soln.). Then, 6 ml of CTAB surfactant solution (100 mM, dissolved in a 2:1
mixture of H2O and EtOH) was quickly added under vigorous stirring. After stirring 30
minutes, 1 mL of TEOS was added in 0.1 mL increments while stirring the vial in
between doses. The mixture was allowed to stir overnight. The particle suspension was
centrifuged and washed with 200 ml of ethanol in order to remove the CTAB
selectively and led to the formation of TiO2 cores with a mesoporous silica shell of ~ 4
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nm. The sample was further dried at 80⁰C overnight and calcined at 400◦C during 6
hours.
4.2.2. Synthesis of mSiO2
The widely used surfactant (CTAB) was utilized for the synthesis of the
mesoporous silica, identified as mSiO2. 2.5g of CTAB were dissolved in 50 mL of
distilled H2O. After stirring, 35 mL of C2H5OH and 14.8 mL of aqueous NH4OH were
added to the CTAB solution. These amounts were chosen so the CTAB concentration is
higher than its critical micelle concentration (CMCCTAB ~ 1 mM)63 in order to form rodlike micelles in the synthesis solution. The solution was stirred until transparent,
allowing the micelles to align into hexagonal arrays. Then, 5 mL of TEOS were added
dropwise under vigorous stirring, letting the silica species cover the rods. Stirring was
provided for three more hours and then the solution was left to rest at room conditions
for one hour. The obtained sample was centrifuged, washed with ethanol, and then dried
at 80 °C overnight. Finally, the resulting powder was calcined at 500 °C in static air for
5 hours, leading to the oxidation of the organic template (or CTAB).
4.2.3. Synthesis of TiO2/mSiO2
For the synthesis of the TiO2/mSiO2, 1.946 mL of titanium (IV) isopropoxide
were impregnated onto 0.975 g of mSiO2 via incipient wetness method. After
impregnation, the sample was left for two days in ambient air to slowly hydrolyze by
normal humidity of the room. The resulting sample was dried at 100 °C overnight and
then calcined in static air at 400 °C for 4 hours.
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4.2.4. Functionalization with OTS
Functionalization of the external surfaces of the nanoparticles was carried out
following an adapted procedure reported for zeolites silylation that uses OTS as a
silylation agent.64 In this procedure, 0.45 mL of water were added to 1 g of
TiO2@mSiO2 core-shell or TiO2/mSiO2. The sample was shaken until the added water
soaked into the aggregates. Then, 10 mL of toluene containing 0.197 mL of OTS were
added to the sample. This solution was shaken for another 10 minutes using a vortex
mixer and then allowed to react overnight at 500 rpm under magnetic stirring. After
reaction with OTS, the particles were removed from solution via centrifugation and
washed with C2H5OH to remove excess silane/toluene. The resulting material was then
dried overnight at 110 °C. The synthesis approach for these catalysts are schematically
represented in Figure 18 and Figure 19, respectively.

Figure 18. Schematic formation of TiO2@mSiO2 core-shell + OTS
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Figure 19. Schematic formation of TiO2/mSiO2 + OTS.

4.3. Catalyst characterization: Equipment and procedures
4.3.1. Transmission and scanning electron microscopy (TEM and SEM)
TEM analysis was carried out on a JEOL 2000FX ﬁeld emission microscope
operating at an acceleration voltage of 200 kV. SEM images were obtained on a Zeiss
NEON FEG-SEM dual beam high resolution scanning electron microscope.
4.3.2. Brunauer, Emmett and Teller (BET) surface area
The BET surface areas were measured by N2 physisorption at liquid nitrogen
temperature on a Micromeritics ASAP 2020 surface and porosity analyzer instrument.
Degassing process of catalysts was performed at 200 °C for 4 hours prior to the
analysis. The BJH model was used to calculate the pore size distribution.
4.3.3. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra were recorded between 500 and 4000 cm-1 using a Spectrum
100 FT-IR spectrometer, the catalyst powders were introduced into a cell and dried
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under ﬂowing He (15 sccm) for 30 minutes at 140 °C. All absorbance and spectra were
collected with 128 averaged scans.
4.3.4. Thermogravimetric and mass spectrometer analysis (TG-MS)
TG-MS analysis was performed using STA 449 F1 Jupiter®, Netzsch and
Quadrupole Mass Spectrometer (QMS) 403 C Aëolos®. The fresh catalysts were heated
in air from 40 to 750 °C at a heating rate of 2 K min-1. The catalysts collected after
reaction were pre-treated in argon at 100 °C for one hour to remove adsorbed
hydrocarbons on the surface and then heated in air from 40 to 750 °C at a heating rate of
2 K min-1.
4.3.5. X-ray diffraction analysis (XRD)
The X-ray diffraction data were collected in reflection configuration using a
Bruker AXS D8 instrument with a GADDS area detector of 15 cm. The instrument
primary beam was deflected by Goebel mirror to give a parallel beam of Cu Kα
radiation (1.54059 Å) that subsequently passes through a 0.3 mm slit and a 0.3 mm
collimator tube. The patterns were recorded in the range 10-70° (2θ) with a step size
0.02°.
4.3.6. Diffuse reflectance UV-Vis spectroscopy (DR UV-Vis)
The optical properties of the catalysts and reactants were investigated by means
of DR UV-Vis technique using a UV-2450 UV-VIS spectrophotometer.
4.3.7. Contact angle
The degree of hydrophobicity of the nanoparticles was confirmed by measuring
the contact angle. Sessile drops of water were analyzed with an Attension Theta optical
tensiometer manufactured by Biolin Scientific. After fitting the drop shape with a
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Young−Laplace contact angle model the static contact angle for water was obtained.
The procedure described by Weston et al. was followed for the preparation of the solid
surface.65 Microscope glass slides were coated with a layer of nanoparticles by placing
2 mL of a 1.0 wt% dispersion of nanoparticles in isopropyl alcohol on a 76 × 26 × 1 mm
glass slide. Then, the glass slides were dried in a vacuum oven at 120 °C for 12 hours to
remove the alcohol and adsorbed water, and were kept in the vacuum oven until
immediately prior to the experiments. The static contact angle was measured by placing
an 8 - 12 μL droplet of water on the surface of the nanoparticle-coated slide. Each
measurement was repeated three times and the average was calculated. Sessile drop
method assumes that the particles form a smooth, flat, nonporous surface, as required by
the Young−Laplace equation, which is a false assumption when having a deposited
layer.65 However, this simple technique was used for having an idea of the degree of
hydrophobicity.
4.4. Photocatalytic activity measurements
The photocatalytic reactions were carried out in a laboratory UV liquid phase
reactor system that consists of a 500 mL Pyrex glass reactor and a 150 W mediumpressure mercury UV lamp. Figure 20 displays a picture of the reactor system. The UV
lamp goes inside a Pyrex glass immersion well that is located in the center of the reactor.
The inlet port of the reactor is used to feed low pressure air (ultra-zero grade from Airgas).
The system consists of a back pressure regulator that reduces the input pressure of air to
a desired value at its output while constant air flow passes through the unit. The outlet
port of the reactor connects to a bottle gas trap containing 250 ml of an aqueous solution
containing Ba(OH)2 (0.0152 g mL-1). The Ba(OH)2 dissolved in water reacts with CO2 to
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precipitate BaCO3. The particles of BaCO3 (with extremely low solubility in water ~
0.024 mg mL-1) obtained were filtered using a Pyrex crucible, and the corresponding
weight was measured. The moles of CO2 produced throughout the reaction were
calculated from the moles of BaCO3 by stoichiometry. The radiant flux was measured
using a UVA/B light meter UV513AB purchased from General ®.

Air flow

UV Lamp
Immersion well

Reactor vessel
Gas washing bottle

Figure 20. Picture of reaction system used to carry out the photocatalytic
activity tests.
Prior to the reaction, the hydrophobic catalysts were dispersed in the organic
phase for 20 minutes using bath sonication. Air was continuously bubbled through the
TiO2 suspension (0.1 g TiO2 L-1) at a rate of 18 mL min-1 throughout the reaction.
Stirring of 500 rpm was provided. When working in single phase system, 500 mL of
pure cyclohexane were used. In biphasic system, 250 mL of cyclohexane and 250 mL of
water. Liquid product samples taken from the organic and aqueous phases were filtered
and then analyzed. GC–FID with column ZB-5 from Phenomenex ® was used for
quantiﬁcation. Hexadecane and 1,4 dioxane were utilized as chemical standards to
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obtain the response factors for the organic and aqueous phase, respectively. Because of
the small changes in the reactant concentration, the conversion can only be calculated
precisely based on product formation, and since the formation of surface carboxylates
and carbonates is not quantified, calculation of the mass balance was not performed.
4.5. Safety precautions
Material safety data sheets (MSDS) of all the chemicals utilized were acquired
in order to identify the chemical hazards, possible risk, and danger to which one might
be exposed to while working with chemical compounds. Table 2 summarizes the
chemical hazards and the safety precautions for cyclohexane. The safety precautions for
all the other chemical components used can be found in the appendix. Safety
precautions were taken before carrying out the experiments. Personal protective
equipment, appropriate gloves, goggles, face mask, and lab coat were always worn
while executing the experiments.
Table 2. Chemical hazards of cyclohexane and safety precautions.
Compound
Cyclohexane

Chemical Hazard
Highly flammable liquid
and vapor.
May be fatal if
swallowed and enters
airways.
Causes skin irritation.
May cause drowsiness or
dizziness.
Very toxic to aquatic
life.

Hazard Code
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Safety precautions
Keep away from
heat/sparks/open flames/hot
surfaces.
Keep container tightly
closed.
Avoid breathing dust/ fume/
gas/ mist/ vapors/ spray.
Wash skin thoroughly after
handling.
Use only in a well-ventilated
area.
Avoid release to the
environment.

The UV radiation emitted by the UV lamp is harmful to eyes and skin. Hence,
specific protective measure against direct exposure to UV irradiation needs to be taken
(e.g. personal protective equipment, signposting of working area). The reactor system
does not have to operate in an explosion risk atmosphere, since the UV lamp may cause
combustion. It is important to mention that the temperature at the surface of the lamp
tube is approximately 700°C during operation and the immersion tube wall temperature
near the lamp tube is approximately 450°C without cooling. Therefore, the reactor
system is not intended for the purpose of heating liquids and cooling should always be
provided to dissipate the radiant heat produced during operation. Over-cooling causes
the tungsten from the electrode to combine with mercury, when condensing onto the
inside of the lamp ends, giving it a mirror coated effect that results in UV emitter
intensity loss. Hence, the temperature of the inflowing cooling water should not be
below 10°C. Further details regarding the safety instructions to operate the UV lamp
can be found in the Laboratory-UV-Reactor system manual provided by Heraeus
Noblelight.
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CHAPTER 5: RESULTS AND DISCUSSION
5.1. Catalyst characterization
5.1.1. Transmission and scanning electron microscopy (TEM and SEM)
Figure 21 and Figure 22 display the TEM, SEM micrographs, and Energy
Dispersive Spectroscopy (EDS) elemental mapping of TiO2/mSiO2 + OTS. It can be
observed that TiO2 is located on the inside and outside of the mesoporous silica.
100nm
20nm

200nm

X400K

X40K

200nm

Figure 21. Top: TEM; Bottom: SEM micrographs of TiO2/mSiO2 + OTS
catalyst.
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Figure 22. EDS element mapping of TiO2/mSiO2 + OTS catalyst.
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5.1.2. Brunauer, Emmett and Teller (BET) surface area
Speciﬁc surface areas were determined by the classical BET procedure. The values
obtained were 51 for TiO2 and 48 m2 g-1 for TiO2 T805. In regard to the TiO2/mSiO2 +
OTS catalyst, the surface area calculated after each step of preparation is shown in
Table 3. It can be observed that the mesoporous SiO2 decreases after the impregnation
of TiO2 and that the surface area markedly drop off after the OTS functionalization
because the mesoporous SiO2 may become partially blocked by the silane. The
isotherms for TiO2/mSiO2 + OTS are depicted in Figure 23. The pore size distribution is
not so well deﬁned and is very broad with a maximum at less than 10 nm in size.
Therefore, the catalyst can be considered as micro and mesoporous which is in
agreement with the presence of hysteresis.
Table 3. BET surface area of the catalysts.
Catalyst

BET Surface area ± 5 (m2/g)

mSiO2

936.86

TiO2/mSiO2

696.6

TiO2/mSiO2 + OTS

490.78

Quantity Adsorbed (cm³/g STP)

220

180

140

100

60
0

0.2
0.4
0.6
0.8
Relative Pressure (P/Po)

1

Figure 23. N2-physisorption isotherms of TiO2/mSiO2 + OTS.
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5.1.3. Fourier transform infrared spectroscopy (FTIR)
Figure 24 depicts the FTIR spectra of the catalysts. The presence of water causes
the broad band at 3250-3600 cm-1 and the band at 1620 cm-1. The hydrophobic
functional groups cause the antisymmetric and symmetric CH2 stretching band positions
occurring at 2919 and 2849 cm−1, respectively (green line).66 As expected, these CH2
stretching bands are absent in both the mSiO2 and TiO2/mSiO2. The characteristic bands
of the surface hydroxyl (OH) groups are located at 3744 cm−1 for mSiO2, 3731 cm-1 for
TiO2/mSiO2, and 3731 cm-1 for TiO2/mSiO2 + OTS.55 While the mSiO2 (blue line)
shows an intense and rather narrow band of OH groups, the OH vibrational frequency is
much weaker after functionalization due to interaction with the OTS molecules (green
line). Also, the bands at 3661 cm-1 and 3640 cm-1 assigned to bridging OH groups, Ti–
OH, of titania anatase can also be observed. The complete removal of the CTAB
micelles can be corroborated by the absence of the CH2 vibration frequency in the
spectra for TiO2/mSiO2 (red line).
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Si-OH
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Figure 24. FTIR spectra on mSiO2, TiO2, TiO2/mSiO2, and TiO2/mSiO2 +
OTS. Top: Full range spectrum, wavenumber range from 500 to 4000 cm-1.
Bottom: Wavenumber range from 2600 to 4000 cm-1.
5.1.4. Thermogravimetric and mass spectrometer (TG-MS) measurement
A TG-MS experiment was carried out in order to study the behavior of
TiO2/mSiO2 + OTS and TiO2 T 805 catalysts as a function of temperature. The weight
percent of carbon anchored on the TiO2/mSiO2 surface during the silylation process was
also obtained. The TG-MS results of the fresh and used catalyst are shown in Figure 25.
The top graph displays the weight loss of the catalysts with temperature and the
bottom graph shows the results from the MS measurement. The total weight loss for the
fresh catalyst (before reaction) is 17.4 wt% in two stages. First, a loss of 3.6 wt% was
observed at the beginning of the heating ramp from 40 °C to about 198 °C, and a final
more pronounced loss of about 13.8 wt% was seen in the range 198 – 570 °C. In the
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first stage only a small peak is observed for water and in the second stage two
pronounced peaks are observed for water and CO2. From the combined variation of
weight and MS results, it can be concluded that the initial mass loss (3.6 wt%) is mostly
due to water moisture desorbed from the surface. However, in the range 198 – 570 °C,
there is simultaneous desorption of water and CO2 consistent with the combustion of the
hydrocarbon functional groups. The carbon content of the fresh catalyst, TiO2/mSiO2 +
OTS, was found to be around 11.8 wt%.
The total weight loss for the used catalyst (after 3 hours reaction) is
approximately 11.1 wt% in only one stage, in the range 172 – 570 °C. Simultaneous
desorption of water and CO2 is observed consistent with the combustion of the
hydrocarbon functional groups. The desorption of water moisture is not observed since
the catalyst was pre-treated in argon at 100 °C in order to remove any adsorbed reactant,
reaction product, and water. The carbon content of the catalyst, TiO2/mSiO2 + OTS
collected after three hours of reaction is 9.5 wt%. This implies that only around 2.3 wt%
of carbon is lost throughout the reaction. Since the catalyst is approximately 29 wt%
TiO2 and 54 wt% SiO2, we believe that, the 2.3 wt% of the carbon lost is a result of the
oxidation of hydrophobic functional groups anchored to the surface of the TiO2
particles. However, the hydrophobic functional groups anchored to the mesoporous
silica (which is about 55 wt% of the catalyst) do not get oxidized, and that is the reason
why the catalyst keeps its hydrophobic nature.

Figure 26Figure 26 shows the TG-MS analysis performed to the commercially
available hydrophobic titania, TiO2 T805, before and after reaction. The carbon content
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obtained for the catalyst before reaction was 3.1 wt% which is very similar to the
carbon content specified by Evonik (3.2 wt%). The catalyst collected after 3 hours of
reaction had a carbon content equal to 1.1 wt%. This implies that around 2.0 wt% of
carbon is lost throughout the reaction.
Figure 25. Top: Thermogravimetric analysis. Bottom: Mass Spectrometer
of the TiO2/mSiO2 + OTS catalyst before and after reaction time 3 hours.
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Figure 26. Top: Thermogravimetric analysis. Bottom: Mass Spectrometer
of the TiO2 T805 catalyst before and after reaction time 3 hours.
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5.1.5. X-ray Diffraction analysis (XRD)
Cendrowski et al. studied the crystallographic composition of mSiO2, mSiO2/TiO2 coreshell, and TiO2-Degussa P25 via XRD. The diffraction pattern in Figure 27 shows ﬁve
peaks corresponding to the presence of TiO2 in anatase phase (red line) and a broad
peak at ~22.5° corresponding to the amorphous silica (black line). The XRD of the
TiO2-Degussa P25 is also illustrated with the respective peaks for both anatase and
rutile (green line).

Figure 27. XRD patterns of P25 (green line), m-SiO2 (black line), and mSiO2/TiO2 (red line).67

In this work’ the crystallographic composition of TiO2/mSiO2 + OTS was also
studied via XRD. The results obtained are in accordance with the literature. The
diffraction pattern in Figure 28 shows strong diffraction peaks at 25° and 48° indicating
the presence of TiO2 in anatase phase. A broad peak at 21° is also observed
corresponding to the amorphous silica.
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Figure 28. XRD pattern of TiO2/mSiO2 + OTS.

5.1.6. Diffuse Reflectance UV-Vis Spectroscopy (DR UV-Vis)
The UV-Vis diffuse reflectance spectrum and the Tauc plot of the catalysts
studied are depicted in
Figure 29, top and bottom, respectively. The Tauc plot has a distinct linear
regime which denotes the onset of absorption. The optical band gap of the catalysts was
obtained by extrapolating this linear region to the abscissa. It can be observed that the
optical bandgap energy is approximately 3.05 eV for TiO2 and 3.14 eV for TiO2/mSiO2
+ OTS. Additionally, the UV spectrum shows that light with more energy (λ < 395 nm)
is needed to activate TiO2/mSiO2 + OTS (i.e., 3.14 eV is the threshold for creating an
electron–hole pair that is not bound together) and that none of the catalysts absorb
photons in the visible light region (λ > 400 nm).
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Figure 29. Top: UV-Vis diffuse reflectance spectrum. Bottom: Tauc Plot for
TiO2, TiO2 T805, and TiO2/mSiO2 + OTS.
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5.1.7. Contact angle measurement
The sessile drop method which is a well-known technique, was used for the
contact angle measurement. This method requires a thin film of particles on a substrate
or a compressed pellet of particles upon which a static and dynamic liquid drop can be
placed.65,68 The high static contact angles obtained, 164° for TiO2 T805 and 156° for
TiO2/mSiO2 + OTS, imply that their surface is hydrophobic and has poor wetting
property.69 Figure 30 contains images illustrating the glass slide coated with TiO2 T805.
The picture on the left shows the droplet about to be deposited on the surface and the
picture on the right shows the droplet deposited on the surface.

Figure 30. Images illustrating the glass slide coated with TiO2 T805. Left:
Immediately prior to the droplet being deposited on the surface; Right:
Immediately after the droplet has been deposited on the surface.
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5.2. Photolysis vs. Photocatalysis
The glassware material used for the immersion-well is particularly important as
it functions as a filter of high radiation that would lead to photolysis (photochemical
reactions).70 Figure 31 shows the UV-Vis spectrum of cyclohexane and also the
transmittance of different types of glass such as Quartz, Vycor, and Pyrex. The reactor
material of this work was chosen to be Pyrex which transmits UV light at λ higher than
280 nm. This implies that photochemical reactions of molecules that absorb UV light at
wavelength lower than 280 nm are prevented. For instance, the cut-off wavelength of
cyclohexane is around 250 nm. Therefore any photochemical reaction of cyclohexane
should be negligible.51

Figure 31. Comparison of the absorption spectrum of liquid cyclohexane
and the UV transmittance of different glass types. From left to right,
Quartz, Vycor, and Pyrex.51
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In order to know that the reactions are photocatalytic, i.e., a reaction where only
the photocatalyst is activated by light and oxidizes the molecules, or photolytic, i.e.
reaction where photons break down a chemical compound in the absence of catalyst, the
UV spectra of the intermediates was also measured. The UV absorption spectra
measured for liquid cyclohexanol, cyclohexanone, and cyclohexane is illustrated in
Figure 32. It can be observed that cyclohexanone absorbs UV light from 190 to 320 nm,
and that both cyclohexane and cyclohexanol absorb UV light at wavelengths below 250
nm only. The UV transmittance of the reactor material is negligible below 280 nm.
Consequently, cyclohexanone is the only reaction molecule than undergoes photolysis.
Therefore, no comparisons of cyclohexanone/cyclohexanol ratio obtained with the
different catalyst are performed in section 5.3.
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Figure 32. UV absorption spectra of liquid cyclohexanol, cyclohexanone,
and cyclohexane.
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5.3. Photocatalytic performance of catalysts
The photocatalytic activity and selectivity of the catalyst TiO2/mSiO2 + OTS
(171 mg) prepared in this work were evaluated through the selective oxidation of
cyclohexane in a biphasic and single phase system. For comparison purposes, the
reaction was also carried out using the commercially available, hydrophobic and
hydrophilic catalysts, TiO2 T805 and TiO2, respectively. The mass of catalyst was
chosen so the TiO2 loading was the same 50 mg for all the experiments. Figure 33
shows the results of the reaction carried out with no catalyst. The amount of oxidation
products after 3 hours of reaction is very small which confirms that there is negligible
photolytic oxidation of cyclohexane.

2.0

mmol (alcohol+ketone)
CO2

mmol

1.6
1.2
0.8
0.4
0.0
No catalyst

TiO2

TiO2 T805

Figure 33. Resulting cyclohexanol, cyclohexanone, and CO2 yield with no
catalyst, and with TiO2 and TiO2 T805 as catalysts. Reaction time: 3 hours.
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Figure 34. Cyclohexanol, cyclohexanone, and CO2 yield as a function of
time using TiO2.
Figure 33 and Figure 34 clearly show that TiO2 is not a promising catalyst in
terms of conversion. Even after 6 hours of reaction the activity is still low, and there is
not significant improvement compared to the blank reaction. According to ATR-FTIR
studies performed by Almeida and Carneiro et al., this low activity is a result of fast
deactivation of the TiO2 catalyst caused by the strongly adsorbed intermediates and
products that are further oxidized to carboxylates and carbonates.55, 52, 54
Carneiro et al. also showed that in order to improve the selectivity of the desired
products, cyclohexanol and cyclohexanone, a hydrophobic catalyst is needed to enhance
desorption of products, and hence avoid their further oxidation to carboxylates and
carbonates.54 In order to confirm this hypothesis, the reaction was carried out using
commercially available hydrophobic catalyst, TiO2 T 805. As observed in Figure 33, the
photocatalytic activity of TiO2 T 805 is significantly higher than the activity of TiO2.
However, TiO2 T805 was not photo-stable.
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Figure 35 illustrates the reactor glass vessel after reaction at different periods of
time. Before reaction, the TiO2 T805 catalyst was hydrophobic and preferentially
located in the organic phase. After 0.5 hours of reaction, the catalyst started to become
hydrophilic due to photocatalytic degradation of the hydrophobic groups on the TiO2
surface. Something interesting is that TiO2 T805 catalyst was found to be very active
even after the loss of its hydrophobic nature. This behavior could be attributed to the
formation of a coating on the top walls of the reactor, which became more stable and
thicker as the reaction time increased. The initial location of TiO2 T805 and the stirring
provided could prompt the coating formation.
It is believed that the formation of the coating is the reason why the conversion
keeps increasing after 3 hours of reaction. In order to confirm this hypothesis, the
reaction was carried out using the TiO2 T805 catalyst but this time, the reactor was
washed after 1.5 and after 4 hours of reaction, thereby minimizing the coating effect in
the reaction conversion profile. Figure 36 shows that when the coating is present, the
rate of formation of cyclohexane and cyclohexanol increased up to 6 hours of reaction
but then reaches a plateau. On the other hand, when the coating was washed out, the
rate of formation of cyclohexane and cyclohexanol reached a maximum after 3 hours of
reaction and then decreased.
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Figure 35. Images of reactor glass vessel taken as a function of time when
using the catalyst TiO2 T805.
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Figure 36. millimoles (cyclohexanol + cyclohexanone) and millimoles of
CO2, as a function of time using the catalyst TiO2 T805, with coating and no
coating in the top phase of the reactor vessel.

Since the hydrophobic catalyst, TiO2 T805, was confirmed to be more active,
the next step was to synthesize a catalyst that is active and selective but also photostable throughout the reaction. If the catalyst retains its hydrophobic nature, the rate of
desorption of products could be favorable even after long reaction times. Studies
conducted by Ikeda et al. revealed that silica can protect the hydrophobic functional
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groups on the TiO2 surface avoiding their decomposition.71 Siliceous materials are good
because they are known to be chemically inert and transparent to UV radiation.
In the present work, mesoporous silica is utilized to protect the hydrophobic
functional groups as well as to significantly increase the surface area of the catalyst. As
stated before, two catalysts were synthesized, (TiO2@mSiO2 + OTS and TiO2/mSiO2 +
OTS), and their catalytic performance was studied.
As observed in Figure 37, TiO2@mSiO2 + OTS was found to be photostable,
keeping their hydrophobicity nature after 3 hours of reaction. This indicates the good
photo-stability of the hydrophobic functional groups anchored to the catalyst. The
hydrophobic functional groups were protected by the silica and did not get oxidized as
the reaction proceeded.

Figure 37. Images illustrating the reactor glass vessel containing the organic
phase, aqueous phase, and TiO2@mSiO2 + OTS. The left and right images
were taken before and after 3 hours of reaction, respectively.
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Figure 38. Resulting yield to cyclohexanol and cyclohexanone (mmol), in
absence of catalyst; using TiO2@mSiO2 core-shell + OTS and TiO2/mSiO2
as catalysts. Reaction time: 3 hours. Biphasic system.
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Figure 39. Resulting yield to cyclohexanol and cyclohexanone (mmol) when
using TiO2@mSiO2 core-shell + OTS as catalyst. Reaction time: 3 and 6
hours. Biphasic system.
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Figure 38 displays the millimoles of cyclohexanol, cyclohexanone, and CO2
obtained when using the hydrophobic catalysts proposed in this work (TiO2@mSiO2
core-shell + OTS and TiO2/mSiO2 + OTS). Figure 39 shows the results increasing the
reaction time from 3 to 6 hours of reaction, although the formation of desired products
(cyclohexanol and cyclohexanone) slightly increased, the amount of CO2 increased
considerably. From these results it can be concluded that TiO2/mSiO2 + OTS is
significantly more active and selective than TiO2@mSiO2 + OTS. One explanation
could be that the TiO2 active sites were not completely accessible because of possible
nucleation of SiO2 particles around the TiO2 cores, formed during the synthesis
procedure. Moreover, according to the results from BET analysis presented in the
appendix Table 9, the surface area of TiO2@mSiO2 core-shell + OTS (67.46 m2 g-1) is
significantly smaller than the surface area of TiO2/mSiO2 + OTS (490.78 m2 g-1). Thus,
the accessibility and adsorption of cyclohexane onto the TiO2@mSiO2 core-shell + OTS
surface was not as feasible as in the case TiO2/mSiO2 + OTS. As a result, decreasing
the efficiency of interfacial electron transfer reactions and thereby decreasing the rate of
reaction.
TiO2/mSiO2 + OTS exhibited a better photocatalytic performance, therefore its
photocatalytic behavior was compared to the one exhibited by the commercially
available catalysts.
Figure 40 shows the reactor vessel containing water and the catalyst,
TiO2/mSiO2 + OTS, dispersed in cyclohexane. The pictures were taken right after the
reactions at different periods of time were completed. It is clearly observed that the
catalyst TiO2/mSiO2 + OTS is also photostable and retains its hydrophobic nature even
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after 9 hours of reaction. As concluded in the TGA results, the catalyst is stable after
reaction because the hydrophobic groups anchored to the mesoporous silica (which is
about 55 wt% of the catalyst) do not undergo photocatalytic oxidation, only the
hydrophobic groups anchored to the TiO2 are oxidized.

Figure 41 illustrates that TiO2/mSiO2 has a slight higher activity than TiO2
which could be attributed to the higher surface area. TiO2 shows the poorer catalytic
activity possibly because its fast deactivation. On the other hand, TiO2/mSiO2 + OTS is
significantly more active, which could be due to its high surface area. Also, as
previously confirmed by Almeida et. al., the hydrophobicity enhances the desorption
rate of oxygenated products, thereby decreasing the rate of catalyst deactivation.2

Figure 40. Images of reactor vessel taken after reaction as a function of time
when using the catalyst TiO2/mSiO2 + OTS.
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Figure 41. Product formation using TiO2, TiO2/mSiO2, and TiO2/mSiO2 +
OTS as catalysts after 3 hours of reaction.

The photocatalytic performance of the catalysts: TiO2, TiO2/mSiO2 + OTS, and
TiO2 T805 is discussed and compared below. For the TiO2 T805 catalyst, the results
obtained washing the coating formed on the walls of the reactor are the only ones taken
into account. This is done in order to study how the location of the catalyst, either
aqueous or organic phase, affects the activity of the photocatalytic oxidation of
cyclohexane.
Figure 42 and Figure 43 illustrate the reaction proﬁles for the formation of
cyclohexanol and cyclohexanone using TiO2, TiO2/mSiO2 + OTS, and TiO2 805 as
catalysts. Initially, TiO2 T805 exhibits a slightly higher initial rate of product formation
than TiO2/mSiO2 + OTS. However, when using TiO2 T805 as catalyst, the rate of
cyclohexanone formation reaches a plateau and the rate of cyclohexanol formation
starts to gradually decrease after 3 hours of reaction. This behavior can be attributed to
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the instability of the silane groups on the surface under UV photocatalytic conditions,
causing the hydrophobic catalyst to become completely hydrophilic after 3 hours of
reaction, and therefore decreasing the desorption constant of cyclohexanone and
promoting total oxidation to CO2. Figure 44 shows that the rate of CO2 formation as a
function of time is highest for TiO2 T805.
The opposite behavior is found using TiO2/mSiO2 + OTS, this catalyst retains its
activity and the rate of both cyclohexanol and cyclohexanone formation continuously
increase up to 9 hours of reaction. The maximum productivity towards cyclohexanone
is obtained using TiO2/mSiO2 + OTS after 9 hours of reaction. As mentioned
previously, the reaction rate can also be affected by the speciﬁc surface area of the
catalyst. TiO2/mSiO2 + OTS has the largest specific surface area which leads to a higher
concentration of adsorbed substrates per unit volume. This enhances the interfacial
electron transfer rate, and thereby increases the reaction rate.
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Figure 42. Cyclohexanol formation as a function of time using TiO2 T805,
TiO2/mSiO2 + OTS, and TiO2 as catalyst.
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Figure 43. Cyclohexanone formation as a function of time using TiO2 T805,
TiO2/mSiO2 + OTS, and TiO2 as catalyst.
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Figure 44. CO2 formation as a function of time using TiO2 T805,
TiO2/mSiO2 + OTS, and TiO2 as catalyst.
Figure 45 and Figure 46 illustrate the catalytic behavior of TiO2, TiO2 T805, and
TiO2/mSiO2 + OTS, obtained after 3 hours of reaction in biphasic and single (pure
cyclohexane) phase systems, respectively. It is clearly shown that all the catalysts are
more active in single phase system than in a biphasic system. One possible explanation
could be that water acts inhibitor role by blocking important surface sites and reducing
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the amount of reactant adsorbed on the surface. TiO2/mSiO2 + OTS shows the higher
selectivity towards the desired products, cyclohexanol and cyclohexanone, over CO2 in
both, single and biphasic system.
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Figure 45. Cyclohexanol, cyclohexanone, and CO2 formation using TiO2,
TiO2/mSiO2 + OTS, and TiO2 T805 after 3 hours of reaction in biphasic
system.
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Figure 46. Cyclohexanol, cyclohexanone, and CO2 formation using TiO2,
TiO2/mSiO2 + OTS, and TiO2 T805 after 3 hours of reaction in pure
cyclohexane.
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A good photocatalyst must combine excellent photon absorption as well as
excellent reactant adsorption. It is clear that superior reactant adsorption occurs when
the catalyst is surrounded by cyclohexane molecules, that is when the reaction is carried
out in single phase system or when the catalyst is preferentially located in the organic
phase.
The poor photocatalytic performance of TiO2 in biphasic system can be
explained by the low rate of reactant adsorption. Due to the hydrophilicity of the
catalyst, TiO2 is located in the water phase and since the solubility of cyclohexane in
water is extremely low (around ~ 0.00005 g/ml), there is limited accessibility of
cyclohexane to the surface of the catalyst. Figure 47 shows that the photocatalytic
activity of TiO2 increases when the catalyst is dispersed in the organic phase. However,
the photocatalytic activity is still lower than the activity of the hydrophobic catalysts.
This could be because hydrophilic TiO2 undergoes fast catalyst deactivation due to the
high affinity to polar molecules and thereby very small rate of desorption of products.
Besides, the excellent photocatalytic performance of TiO2/mSiO2 + OTS can be
attributed to the high stability under UV conditions but also to the largest surface area.
Figure 48 illustrates the radiant flux profile along the reactor. Due to the design
of the UV lamp, the radiant flux varied depending on the position. The radiant flux or
light intensity was measured using a UVA/B light meter UV513AB. The highest radiant
flux, > 9.9 mW cm-2 was obtained at the center of the reactor, around 6.4 mW cm-2 at
the top, and 1 mW cm-2 at the bottom of the reactor. In the experiments conducted in
biphasic system, the hydrophilic TiO2 was located in the aqueous and therefore it was
exposed to low radiant flux.
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Figure 47. Reaction results varying the location of the catalyst. Biphasic
system; reaction time: 3 hours; catalyst: 50 mg of TiO2.

In order to evaluate the effect of radiant flux in the photocatalytic performance
of TiO2, the reaction was carried out varying the volume percent of water. The first
experiment was conducted with 50 v/v% of water and the second one with 80 v/v% so
the TiO2 can be exposed to the high light intensity. The results obtained are displayed in
Figure 49, when the reaction is carried out with 80 v/v% of water, the activity of TiO2
increases by 23% and the photocatalytic activity of TiO2 is still significantly low
compared to the activity of hydrophobic catalysts.
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Figure 48. Left: Biphasic system 250 ml of cyclohexane + 250 ml water.
Center: Biphasic system 100 ml cyclohexane + 400 ml water. Right: Light
intensity profile in the reactor system.
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Figure 49. Photocatalytic performance of hydrophilic TiO2 varying the
amount of cyclohexane and water present in biphasic system.

Figure 50 shows the effect of the stirring speed on the photocatalytic
performance of TiO2 in biphasic system. It is clearly observed that the activity of TiO2
is independent of the stirring speed. This confirms that the extremely poor activity
showed by TiO2 is caused by the low solubility of cyclohexane in water.

62

0.10

Cyclohexanol
Cyclohexanone
CO2

0.20

0.15

0.06

mmol

mmol

0.08

mmol (alcohol + ketone)
CO2

0.04

0.10

0.05

0.02
0.00

0.00
500 rpm

250 rpm

500 rpm

250 rpm

Figure 50. Photocatalytic performance of hydrophilic TiO2 varying the
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CHAPTER 6: FURTHER WORK
Additional work was initiated with m-cresol and furfural as model reaction
compounds of bio-oil obtained from biomass. The main goal was to study the feasibility
of using photocatalytic partial oxidation reactions to selectively oxidize these
oxygenated molecules for the production of molecules with functional groups that offer
alternative routes for coupling reaction and further upgrading to fuels and fine
chemicals.
6.1. Photocatalytic oxidation of Furfural
6.1.1. Overview
Regarding sustainable chemistry, biomass is a renewable resource that plays a
substantial role in the production of biofuels and value added bio-based chemicals.
Furfural has gained a lot of attention from academic researches. Some of the industrial
applications of furfural include its use as a fungicide and weed killer, production of
tetrahydrofuran, and use as a solvent for refining lubricating oils. In addition, furfural
can be used a building block for the synthesis of green fuels and chemicals.
Multistage torrefaction of biomass has been extensively used for the thermal
conversion and fractionation of lignocellulosic biomass (i.e. hemicellulose, cellulose,
and lignin) into three different bio-oil streams comprised primarily of light oxygenates,
furan derivatives, and phenolic species, respectively. Furfural is a well-known and
highly flexible starting material that can be obtained from the stage two of the
torrefaction process. The oxidation of furfural has been one of the chemical reactions
studied for the catalytic upgrading of thermally fractionated bio-oils. Figure 51
illustrates the liquid phase technique, developed by Vann et al. to upgrade furfural. In
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this work, furfural was oxidized via photocatalysis but the same upgrading technique
was utilized.

Figure 51. Reaction pathway of furfural upgrading to 2-acetylfuran.

Figure 51 shows the upgrading strategy starting with the photocatalytic
oxidation of furfural to furoic acid, followed by the formation of the magnesium furoate
salt, magnesium furan-2-carboxylate. Since a significant amount of acetic acid is also
obtained after the torrefaction process, magnesium acetate can be obtained from the
reaction of acetic acid and additional Mg(OH)2. Then, magnesium furan-2-carboxylate
and magnesium acetate can be exposed to high temperatures in inert atmospheres and
undergo ketonization to yield 2-acetylfuran. The ketone obtained is a bio-based building
block for the production of specialty chemicals and also fuels. The same approach is
expected when maleic acid is used to form the magnesium salt.
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There are no studies reported in the literature that focus on photocatalytic
selective oxidation of furfural, only photocatalytic degradation of furfural has been
reported.72, 73 Ahmadi et al. investigated the degradation of furfural using TiO2
immobilized on a glass support and proposed a reaction scheme by using LC-Mass
technique. The authors suggested that furfural degradation involves three steps;
aldehyde group oxidation, photo-oxidation of aromatic ring and ring cleavage. The
reaction scheme depicted in Figure 52 illustrates the intermediates obtained after two
hours of reaction, including maleic and tartaric acid.72

Figure 52. Reaction scheme for the photo-oxidation of furfural.72
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6.1.2. Methods and procedures
AEROXIDE® TiO2 T805 (3.2 wt% of C content) was purchased from Evonik.
Barium hydroxide anhydrous 94-98% Ba(OH)2 was purchased from Alfa Aesar.
Furfural 99%, 2-Furoic acid 98%, and maleic acid ≥99.0% (HPLC), were purchased
from Sigma-Aldrich and purified by distillation prior to use. Distilled water was used in
the reaction experiments
The photocatalytic reactions were carried out in the laboratory UV reactor
system described previously in section 4.4. The only difference is the volume capacity
of the reactor vessel, which is now 200 mL. A short reaction time of 1 hour was chosen
in order to minimize furfural polymerization when exposed to UV light. The furfural
and products concentration in all samples were analyzed by HPLC equipped with a
Waters 486 Tunable Absorbance Detector at 210 nm and a Waters 410 refractometer.
The separation was done by an Aminex HPX-87H column from Bio-Rad Laboratories.
The flow rate of eluant (5mM sulfuric acid) was fixed to 0.6 mL/min and the
temperature was 45 °C.
The photocatalytic selective oxidation of furfural to furoic acid and maleic acid
was carried out in aqueous phase using the commercially available hydrophobic titania,
TiO2 T805 as catalyst. MgO was added in order to titrate the furoic acid and maleic acid
formed throughout the reaction. Both, the hydrophobic surface of the catalyst and the
base, help to avoid fast catalyst deactivation. The hydrophobic surface promotes the
desorption of the hydrophilic products and the base is used for neutralization of the
acids that would otherwise adsorb strongly onto the metal. The acid products can react
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with Mg(OH)2 to form magnesium salts. After the reaction is complete, the reaction
solvent is evaporated at low temperatures so that the salts can precipitate.
The thermal decomposition experiments were carried out by Tyler Vann. A
physical mixture of 2.6/1 mg of magnesium acetate to solid was heated at 400 °C via an
analytical pyroprobe in inert helium. The vapor products were quantified by flame
ionization detection and identified by mass spectral analysis.
6.1.3. Results and discussion
Reactions were carried out in an aqueous solution at room temperature with an
initial furfural concentration of 0.024 M and 100 milligrams of catalyst. A furfural
conversion of 23.3 % was obtained after 1 hour of reaction. The three larger peaks
observed on the chromatogram were identified as maleic acid, furoic acid, and a third
product that could not be identified. In addition, two small peaks were detected and
identified as 2(5H)-furanone and succinic acid. The reaction yields obtained were
12.5% to maleic acid and 0.9% to furoic acid. The yield to CO2 was found to be 0.7%,
meaning that the reaction is selective towards maleic acid. Therefore, the remaining
9.2% yield could be attributed to the unknown product that is also predominant, and
2(5H)-furanone and succinic acid.
A reaction with no catalyst present was carried out in order to confirm whether
the reaction is photocatalytic or photolytic. Similar results were obtained implying that
there is negligible photocatalytic oxidation. The reaction carried out in the absence of
the catalyst gave a slight higher conversion of furfural, 30% after 1 hour of reaction.
The reaction yields were 18.1% to maleic acid, 0.5% to furoic acid, and 0.7% to CO2.
Since the furfural absorbs the light, the exclusive photoactivation of the catalyst was not
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conserved, and therefore there was no true heterogeneous catalytic regime. In order to
verify this hypothesis, the UV-spectrum of furfural was obtained and it is shown in
Figure 53. The green dashed line is located at 270 nm to indicate that only UV light at
wavelengths higher than 270 nm is transmitted through the Pyrex immersion well. The
UV-spectrum shows that furfural absorbs UV light from 190 to 320 nm and that higher
absorption occurs above 270 nm. As a result, the furfural molecule can absorb light and
therefore, it can undergo oxidation via photolysis.
As illustrated in Figure 54, the formation of dark brown solids or humins along
with the salt crystals while evaporating the solvent was one of the biggest challenges
faced during the evaporation of the solvent for the separation of the salts.
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Figure 53. UV absorption spectrum of liquid furfural.
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Humins

Salt

Figure 54. Image of salt and possible humins formed after evaporation of
the water solvent.

From the thermal decomposition experiments, the presence of 2-acetylfuran was
able to be confirmed. However, the amount of acetone obtained (3.36x10-3 mmol/mg of
solid) was considerably larger than the amout of 2-acetylfuran (2.37x10-5 mmol/mg of
solid). This could be explained by the fact that, there is only a small amount of furoic
acid obtained. However, when using acetonitrile as solvent, the amount to furoic acid
and especially to maleic increased significantly. Unfortunately, the thermal
decomposition experiments of this sample were not carried out since the equipment
broke but it could be done in the future.
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6.2. Photocatalytic selective oxidation of m-cresol
6.2.1. Overview
A lot of attention has been focused on the removal of dangerous compounds in
wastewater. Photocatalysis uses semiconductors that are stable and non-toxic, to oxidize
molecules in a suitable reaction time and atmospheric conditions.
m-Cresol is a harmful and toxic chemical compound, therefore, its
photocatalytic degradation to less harmful products such as CO2 and H2O has been
focus of attention in several research studies.74, 75, 76, 77 m-Cresol is widely used as a
solvent, and as a precursor in the pesticide and pharmaceutical industries. Total
oxidation of m-cresol has been investigated due to the large amount of m-cresol present
in industrial wastewater.
However, to the best of our knowledge, studies targeting selective oxidation of
m-cresol for the production of specialty chemical compounds have not yet been
reported. In this work, the main motivation for the use of cresol is that it can be
obtained from the third stage of the torrefaction process applied to lignocellulosic
biomass. This stage is reach in phenolic compound such as (cresol, anisole, guaiacol,
catechol, etc.). The photocatalytic oxidation of these molecules is a great alternative for
the production of fine chemicals. For instance, o-cresol can be selectively oxidized to 2hydroxybenzoic acid, also known as salicylic acid.
Salicylic acid has abundant industrial applications, it is used as an antiinflammatory drug, as food preservative, as bactericidal, as antiseptic, etc. Also, it is a
key ingredient in many skin-care products and it can be used for production of other
pharmaceuticals, etc. In this study, m-Cresol was chosen as the model compound
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because it is liquid at room conditions facilitating the conduction of the reaction
experiments.
Abdollahi et al. studied the photocatalytic degradation of m-cresol under visible
and UV light using ZnO as photocatalyst.74 Although, the use of visible light is certainly
convenient, the concentration of m-cresol removed was insignificant. In order to
remove higher concentrations of m-cresol, the authors also studied the reaction under
UV conditions.75 Figure 55Figure 55 depicts the reaction intermediates detected were
(b) 2-methyl-1,4-benzodiol. (c) 2-methyl-para-benzoquinone, (e) 3,5-dihydroxytoluene
and (f) 2,5-dihydroxy-benzaldehyde. However, the authors did not focus on partial
oxidation and therefore, a detailed and quantitative study of the yield to reaction
intermediates was not provided.

Figure 55. Reaction scheme showing the reaction intermediates from the
photocatalytic degradation of m-cresol.75
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In this work, the photocatalytic selective oxidation of m-cresol in aqueous phase
was studied using TiO2 as photocatalyst. For comparison purposes, the commercially
available hydrophobic TiO2 was also used. The reaction products identified from lower
to higher concentration are 3-methylcatechol, 4-methylcatechol, 3hydroxybenzaldehyde, and methyl-p-benzoquinone.

6.2.2. Experimental methods and procedures
TiO2, anatase 99.9% (metal basis) was purchased and used as received from
Alfa Aesar. AEROXIDE® TiO2 T805 (3.2 wt% of C content) was purchased from
Evonik. Barium hydroxide anhydrous 94-98% Ba(OH)2 was purchased from Alfa
Aesar. Methyl-p-benzoquinone 98%, 3-hydroxybenzaldehyde ≥99%, 3-hydroxybenzoic
acid ReagentPlus® 99%, 3-methylcatechol 98%, and 4-methylcatechol ≥95% were
purchased from Sigma-Aldrich and used without any puriﬁcation. Distilled water was
used in the reaction experiments. Table 4 summarizes the chemical hazards and the
safety precautions for the different compounds employed in the reaction system.
The reactor system used for the photocatalytic selective oxidation of furfural is
the same used for the photocatalytic selective oxidation of furfural. Air was
continuously bubbled through the reaction suspension at a rate of 18 mL/min. The
concentration of catalyst (TiO2 T 805) was varied from 0.25 to 0.75 g L-1. Stirring of
500 rpm was provided to avoid external mass transfer limitations. Liquid product
samples were filtered and then analyzed. GC-MS and GC–FID with column ZB-1701
(from Phenomenex ®) were used for product identification and quantiﬁcation.
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Table 4. Chemical hazards and safety precautions of the different
compounds used.
Hazard
Code

Compounds

Chemical Hazard

m-cresol

May cause serious
burns.
Harmful if inhaled.
Toxic in contact with
the skin or if
swallowed.

Use full-face supplied air
respirators, compatible
chemical-resistant gloves,
and safety goggles.
Wash skin thoroughly after
handling.

Harmful if
swallowed.
Causes skin
irritation, serious eye
irritation.
May cause
respiratory irritation.

Avoid breathing dust/
fume/ gas/ mist/ vapors/
spray.
Wash skin thoroughly after
handling. Use only in a
well-ventilated area.
Wear eye protection/ face
protection and protective
gloves.

US health exposure limits
(NIOSH):
IDLH (Immediate danger)
250 ppm

3-hydroxybenzaldehyde
3-hydroxybenzoic acid
Methyl-p-benzoquinone

Safety precautions

6.2.3. Results and discussion
As previously mentioned, and as shown in Figure 56, m-cresol absorbs a smaller
amount of UV light above 270 nm than furfural. As expected, the reaction carried out in
absence of catalyst showed negligible photolysis present.
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Figure 56. UV absorption spectrum of liquid m-cresol and furfural.
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Due to the low concentration of m-cresol used, the samples obtained after reaction
were concentrated in order to perform the identification and quantification of the reaction
products. A rotary evaporator was used for the gentle removal of solvent (water) by
evaporation under reduced pressure. The reduction of the pressure was done by means of
a vacuum system. The initial sample volume was 20 mL of sample and the temperature
of the fluid bath was fixed at 60 °C. After 45 min, 2 mL of sample were collected.
However, the concentration of m-cresol did not increase which implies that some mcresol was lost during the rotary evaporation process (the concentration of m-cresol after
reaction was 0.0062 M and after rotary evaporation the concentration decreased to 0.0014
M). One possible explanation could be that the vacuum applied was so high at a certain
point that it suddenly sucked the liquid from the flask containing the sample. As observed
in Figure 57, the vapor pressure of m-cresol is significantly smaller than the vapor
pressure of water at 60 °C. Hence, evaporation of m-cresol cannot be considered as a
cause of the reduced concentration of m-cresol.
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Figure 57. Pressure and temperature diagram for m-cresol and water.
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Unfortunately, a precise quantification of the carbon balance of the reaction was
not able to be obtained since the amount of the reaction products was uncertain.
Nevertheless, an approximation of the results obtained is given in Table 5 and Table 6.
As shown in Table 5, 0.131 mmol of CO2 are formed when the reaction is carried out
without reactant. This implies that not all the CO2 obtained from the experiments is a
result of total oxidation of m-cresol. Therefore, it can be concluded that a certain
amount of CO2 is actually coming from the oxidation of the hydrophobic groups
anchored to the catalyst. The amount of CO2 obtained when using the TiO2 (0.123
mmol) as catalyst is relatively higher than the amount of CO2 obtained when using TiO2
T805 (0.076 mmol). One reason can be the strong affinity of the oxygenated products to
the hydrophilic surface, which results in a low desorption rate of the products and
further oxidation to CO2. Table 6 shows that after 1 hour of reaction, only 3hydroxybenzaldehyde is obtained as reaction product. After 2 hours of reaction, the
amount of aldehyde increases and a considerable yield to 2-methyl-p-benzoquinone is
obtained. It can also be concluded that, the selectivity towards 2-methyl-pbenzoquinone is significantly higher than 3-hydroxybenzaldehyde.
Table 5. CO2 formation (mmol) in the photocatalytic oxidation of m-cresol
using TiO2 T805 and TiO2 as catalysts; in absence of catalyst; and when no
reactant is present.
Rxn time: 60 min m-cresol (M) Catalyst: 100 mg CO2 (mmol)
Rxn10
0
TiO2 T805
0.131
Rxn5
0.01
TiO2 T805
0.076
Rxn11
0.01
TiO2 hydrophilic
0.123
Rxn6
0.01
No catalyst
0.081
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Table 6. Results of the photocatalytic reactions (samples analyzed after
concentration using the rotary evaporator)
Yield (mmol)
Catalyst loading:
100 mg
Rxn5
Rxn9

Rxn time
(min)
60
120

1/7 CO2

3-hydroxybenzaldehyde

0.002
0.020

1.97E-04
6.05E-04

2-methyl-pbenzoquinone
0
0.088

Liquid-liquid extraction was also used in order to concentrate the sample
avoiding polymerization and loss of the products. 5 mL of m-cresol were added to 113
mL of sample obtained after reaction in order to extract the products. Although products
were not completely soluble in m-cresol, the respective peaks were able to be identified
in GC-FID. The results obtained can be observed in Figure 58. It can be observed that
above 50 mg of catalyst (0.25 g L-1), the reaction rate decreases. This case is particular
since the catalyst is not dispersed in the aqueous phase. The catalyst is located at the
interface, and therefore as the concentration of catalyst increases, light scattering
occurs, thereby decreasing the amount of light penetrated. This results in a lower
conversion and lower yield to 3-hydroxybenzaldehyde and methyl-p-benzoquinone. The
higher CO2 concentration obtained as the catalyst loading increases can be explained by
the fact that, some of the CO2 produced comes from the hydrophobic catalyst as a result
of the oxidation of the hydrophobic groups after exposure to UV light.
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Figure 58. Conversion profile and yield to 3-hydroxybenzaldehyde, methylp-benzoquinone, and CO2 obtained as the catalyst (TiO2 T805) loading
increases.
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Figure 59. GC-MS chromatogram showing the presence of m-cresol, 3methylcatechol, 4-methylcatechol, 3-hydroxybenzaldehyde, and methyl-pbenzoquinone.

Figure 60. Reaction scheme showing the reaction intermediates from the
photocatalytic selective oxidation of m-cresol using TiO2.
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Figure 59 shows the chromatogram obtained from the GC-MS analysis of the
concentrated sample. The reaction products identified including m-cresol, 3methylcatechol, 4-methylcatechol, 3-hydroxybenzaldehyde, and methyl-pbenzoquinone suggest the reaction scheme displayed in Figure 60. Although, 3hydroxybenzoic acid was not identified in GC analysis possibly because its high boiling
point, it could also be present. The intermediate hydroquinone was not detected perhaps
because it is a radical inhibitor that can quickly undergo hydrogen abstraction forming
the benzoquinone.
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Figure 61. Conversion profile as the reaction time increases using TiO2
T805 as catalyst. Catalyst mass: 50 mg.
The reaction profile showed in Figure 61 shows that the catalyst is active even
after 4 hours of reaction.
Figure 62 shows the reactor vessel after 4 hours of reaction, it can clearly be
observed that some catalyst particles remain hydrophobic, explaining the observed
remaining positive effects in m-cresol conversion.
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Figure 62. Reaction vessel after 4 hours of reaction.
However, as observed in Table 7, the amount of 3-hydroxybenzaldehyde and 2methyl-p-benzoquinone decreases as the reaction time increases from 2 to 4.7 hours. On
the contrary, the formation of CO2 increases. This can be the result of 3hydroxybenzaldehyde oxidation to 3-hydroxybenzoic acid as well as total oxidation of
the reaction intermediates to CO2.
Table 7. Resulting yield to 3-hydroxybenzaldehyde, methyl-pbenzoquinone, and CO2 obtained as the reaction time increases using TiO2
T805 as catalyst.
1/7
CO2

3-hydroxybenzaldehyde
(mmol)

2-methyl-p-benzoquinone
(mmol)

Rxn12

Rxn
time
(h)
2

0.019

0.00468

0.02128

Rxn16

4.7

0.029

0.00295

0.00502

Catalyst
loading: 50 mg

For future studies, the amount of 3-hydroxybenzoic acid produced throughout
the reaction could be obtained by calculating the modified acid number (MAN). The
MAN is the amount of potassium hydroxide (KOH) that is required to neutralize the
acids that are present in 1 gram of sample. The instrument used to determine the MAN
is the titrator 798 MPT Titrino from Metrohm.
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The reaction conditions can be optimized so that the rate of formation of 3hydroxybenzaldehyde increases, and a higher production of 3-hydroxybenzoic acid can
be achieved. Additional experiments can be carried to evaluate the feasibility of
converting p-cresol to salicylic acid via photocatalytic selective oxidation reactions.
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CHAPTER 7: CONCLUSIONS
7.1. Photocatalytic selective oxidation of cyclohexane
A key challenge to the photocatalytic research field is the identification and
improvement of the slow and inefficient steps. In the liquid-phase photocatalytic
oxidation of cyclohexane to cyclohexanol and cyclohexanone, TiO2 T805 was found to
be photostable, active and selective by enhancing product desorption. The idea
presented here is the use of mesoporous SiO2 to protect the hydrophobic groups from
being attacked by the radicals that are formed throughout the course of the
photocatalytic reaction. Hence, the catalyst hydrophobicity keeps practically unaltered
when used in reactions under UV light conditions. This greatly enhances the photostability and therefore the catalytic activity and selectivity of the solid catalysts in
biphasic and single systems. The best catalyst in terms of activity, selectivity to the
desired products over CO2, as well as photo stability was found to be TiO2/SiO2 + OTS.
These results lead us to conclude that the effectiveness of the photocatalytic selective
oxidation of cyclohexane can be greatly improved by surface modification of the
catalyst.
It is difficult to compare the photocatalytic activities achieved in this
contribution with the ones obtained by others research groups since diﬀerent reactor
systems are employed. Moreover, the fraction of light absorbed is unlikely to be the
same in each experiment because of the significant changes in the amount of scattered
and reﬂected light from one experiment to another. In this work, the same reactor was
used and the standard deviation of the mean was calculated to be less than 10%.
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7.2. Photocatalytic selective oxidation of furfural and m-cresol
The photocatalytic selective oxidation of furfural and m-cresol was carried out
using the commercially available hydrophobic catalyst (TiO2 T805). The results
obtained can be considered preliminary since more detailed work is required to allow a
deeper understanding of the effect of using a hydrophobic catalyst on the reaction
selectivity and activity. However, it provides a good starting point for further
investigation and potential use of the catalyst proposed previously, TiO2/mSiO2 + OTS,
which exhibited great photostability, selectivity, and activity in the photocatalytic
selective oxidation of cyclohexane.
7.2.1. Furfural
The oxidation of furfural seems to happen as result of photochemical reactions
rather than photocatalytic reactions. It is believed that furfural absorbed UV light and
therefore underwent oxidation through a photolytic process. In order to evaluate the
catalytic activity of TiO2, another molecule that does not absorb UV light above 270 nm
had be to chosen in order to avoid the presence of photolysis. Cresol was chosen since it
absorbs a negligible amount of UV light in that region of the spectrum.
It was also found that the selectivity of the reaction under UV light conditions
can be tuned by manipulating the solvent environment. When water was used as
solvent, CO2 was the main reaction product. The use of acetonitrile as solvent resulted
in a lower production of CO2 and a higher yield to more valuable chemical compounds
such as maleic acid and furoic acid. These acids could potentially be used to form a salt
that can subsequently be used to do cross-ketonization reactions to finally obtain a
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ketone product. This ketone product can be used as building block for the production of
biofuels.
7.2.2. m-cresol
The selective oxidation of m-cresol was found to be feasible via photocatalytic
partial oxidation reactions. The reaction intermediates identified from lower to higher
concentration were 3-methylcatechol, 4-methylcatechol, 3-hydroxybenzaldehyde, and
methyl-p-benzoquinone.
This study evaluated the applicability of hydrophilic and hydrophobic TiO2, by
far the most used photocatalyst, to selectively oxidize m-cresol. The photocatalytic of
m-cresol was investigated in aqueous phase and no oxidation products were observed
when the reaction was carried out in the absence of catalyst. A reaction time of 2 hours
was clearly sufficient for a significant amount of products to be detected by GC-FID
and GC-MS. The concentration of CO2 formed from the m-cresol oxidation is very low,
especially when using the commercially hydrophobic catalyst (TiO2 T805). This
indicates that the reaction is selective towards the formation of the desired products.
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APPENDIX: TiO2@mSiO2 core-shell + OTS
This section is dedicated to the study of TiO2@mSiO2 core-shell + OTS, which
is illustrated in Figure 63. This catalyst consists of TiO2 particle coated with a
mesoporous SiO2 shell and functionalized with octadecyltrichlorosilane (OTS). Table 8
summarizes the chemical hazards and the safety precautions for the different
compounds employed during the catalyst synthesis.

Figure 63. Illustration of TiO2@mSiO2 core-shell + OTS.
The catalyst was characterized by transmission electron microscopy (TEM),
Brunauer, Emmett and Teller (BET) surface analysis, Fourier transform infrared
spectroscopy (FTIR), diffuse Reflectance UV-vis Spectroscopy (DR UV-Vis), and
contact angle measurement. These characterization techniques provided fairly detailed
information about the structure and functionality of the catalysts.
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Table 8. Chemical hazards of the different compounds used and safety
precautions.

Compounds

Hazard
Code

Chemical Hazard

Safety precautions

Octadecyl
trichlorosilane
(OTS)

Combustible liquid.
Causes severe skin burns
and eye damage.
Causes serious eye damage.

Keep away from
heat/sparks/open flames/hot
surfaces.
Wash skin thoroughly after
handling.
Store in a well-ventilated place.
Keep cool.

Ammonium
Hydroxide
solution
(NH4OH)

Harmful if swallowed.
Causes severe skin burns
and eye damage.
Causes serious eye damage.
Very toxic to aquatic life.

Wash skin thoroughly after
handling.
Avoid release to the
environment.
Store locked up.

Tetraethyl
orthosilicate
(TEOS)

Flammable liquid and
vapor.
Causes serious eye
irritation.
Harmful if inhaled.
May cause respiratory
irritation.

Titanium (IV)
isopropoxide

Flammable liquid and
vapor.
Causes serious eye
irritation.
May cause drowsiness or
dizziness.

Keep away from
heat/sparks/open flames/hot
surfaces.
Keep container tightly closed.
Avoid breathing dust/ fume/
gas/ mist/ vapors/ spray.
Wash skin thoroughly after
handling.
Use only in a well-ventilated
area.
Keep away from
heat/sparks/open flames/hot
surfaces. Keep container tightly
closed.
Avoid breathing dust/ fume/
gas/ mist/ vapors/ spray.
Wash skin thoroughly after
handling.
Use and store only in a wellventilated area. Keep cool.
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Catalyst characterization techniques
Transmission electron microscopy (TEM)
Figure 64 displays the TEM images of the TiO2@mSiO2 core-shell catalyst. It is
hard to differentiate the SiO2 spheres from the TiO2 However, the thickness of the shell
was measured to be around 4 ± 1 nm. Electron diffraction, dark field, and bright field
images were taken in order to attempt to differentiate the silica from the crystalline
TiO2.

200KV _ 80.0 cm

200KV _ 100 nm

200KV _ 100 nm

Figure 64. a) Electron diffraction, b) and c) Bright and dark field images.
Brunauer–Emmett–Teller (BET) surface area
Speciﬁc surface areas were determined by the classical BET procedure. Table 9
summarizes the BET surfaces areas and pore volumes of the TiO2@mSiO2 core-shell
and TiO2@mSiO2 core-shell + OTS catalysts compared to the BET surfaces areas and
pore volumes of commercial hydrophobic TiO2 and TiO2, anatase, 99.9%. Concerning
the TiO2@mSiO2 core-shell catalyst, the incorporation of the SiO2 shell causes a
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noticeable increase in surface area compared to the TiO2, anatase, 99.9%. In regard to
the TiO2/mSiO2, the surface area of the mesoporous SiO2 decreases after the
impregnation of TiO2. On the other hand, the surface area and pore volume markedly
drop off for both catalysts after the OTS functionalization because the mesoporous SiO2
may become partially blocked by the silane.
Table 9. BET surface area and pore volumes of the catalysts.
Catalyst

BET Surface area ± 5 (m2/g)

Pore volume (cm3/g)

Commercial hydrophobic TiO2

48.12

0.31

TiO2, anatase, 99.9%

51.04

0.27

TiO2@mSiO2 core-shell

118.29

0.32

TiO2@mSiO2 core-shell + OTS

67.46

0.28

mSiO2

936.86

0.24

TiO2/mSiO2

696.6

0.24

TiO2/mSiO2 + OTS

490.78

0.15

Contact angle measurement
High contact angle means that the surface is hydrophobic and has poor wetting
property. A well-known technique, the sessile drop method was used for the contact
angle measurement.

Results for the functionalized nanoparticles are summarized in

Table 10. Both surfaces, TiO2/mSiO2 nanoparticles and TiO2@mSiO2 core-shell
nanoparticles treated with OTS, presented contact angles higher than 90° and close to
the contact angle obtained for the commercial hydrophobic TiO2.69
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Table 10. Static contact angles for hydrophobic nanoparticles.
Sample

DSA contact angle, degrees

Commercial hydrophobic TiO2

164

TiO2@mSiO2 core-shell + OTS

161

TiO2/mSiO2 + OTS

156

FTIR
Figure 65 depicts the FTIR spectra of TiO2@mSiO2 core-shell + OTS. The
presence of water causes the broad band at 3250-3600 cm-1 and the band at 1620 cm-1.
Addition of OTS to the TiO2@mSiO2 core-shell causes the antisymmetric and
symmetric CH stretching band positions occurring at 2916 and 2851 cm−1,
respectively.66 The characteristic bands of OH groups are located at 3740, 3729, and
3756 cm-1.55 It can also be observed that the surface hydroxyl groups’ vibrational
frequency decreased after impregnation of TiO2 on the mSiO2 and decreased even more
with addition of OTS (green line). The complete removal of the CTAB micelles can be
corroborated by the absence of the CH2 vibration frequency in the spectra for
TiO2@mSiO2 (red line).
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Figure 65. FTIR spectrum on TiO2, TiO2@mSiO2 core-shell + OTS, and
TiO2@mSiO2 core-shell + OTS. Top: Full range, wavenumber range 500 to
4000 cm-1. Bottom: Wavenumber range 2500 to 4000 cm-1.
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DR-UV/Vis
The resulting UV-vis diffuse reflectance spectrum of the studied samples is
presented in Figure 66. This figure clearly shows that the absorption edge of the
modified catalysts shifted towards shorter wavelength in comparison to the TiO2,
anatase, 99.9%. Figure 67 shows that the bandgap energy increased a little after
addition of OTS, being approximately 3.05 eV for TiO2, anatase, 99.9%, 3.1 for eV for
commercial hydrophobic TiO2 and TiO2@mSiO2 core-shell + OTS, and 3.14 eV for
TiO2/mSiO2 + OTS.
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Figure 66. UV-vis diffuse reflectance spectrum for TiO2 and TiO2@mSiO2
core-shell + OTS.
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Figure 67. Tauc Plot for TiO2 and TiO2 and TiO2@mSiO2 core-shell + OTS.
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