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PREFACE

Selective photo-catalysis has been considered aaltamative for conventional
oxidation reactions, in particular when ‘thermaditalysis does not provide the desired
product selectivities. The possibility of operatiran oxidation reaction at room
temperature and ambient pressures, by using a mplactovated catalyst is very
attractive, but still far from industrial applicati. The question remains whether the use
of sunlight, as an activating agent for a photadation reaction, can induce the
selective formation of primary oxidation productshithe required yields. Cyclohexane
photo-oxidation to cyclohexanone was used as a hnedetion for such study, using
situ Attenuated Total Reflection Fourier Transform &méd (ATR-FTIR) spectroscopy.
This spectroscopic technique allows for the analysi the solid-liquid interface of
heterogeneous photo-catalyzed reactions, and isefthhe very informative for
mechanistic and kinetic studies. This thesis prssanchronological sequence of the
research performed on the cyclohexane photo-catalyidation, with the objective of
resolving the following issues:

0] Understand the reaction mechanism of cyclohexantoptxidation over TiQ
including the determination of the intermediatepstéowards cyclohexanone
formation

(i)  Reduce the known tendency for catalyst deactivaitiothe selective photo-
oxidation of cyclohexane

(i)  Determine kinetic parameters of this reaction

The first issue is reported in Chapter 2, wheredimpinary reaction mechanism of
the photo-catalytic oxidation of cyclohexane on Fi©proposed based amsitu ATR-
FTIR results. In this chapter, cyclohexyl hydropede is proposed as the reaction
intermediate, but in Chapter 6 further studiestenreaction mechanism proved that this
proposal needs adjustments. Isotopic labeling coetbiwith Infrared Spectroscopy

provided evidence for a Mars-van Krevelen mechanigmdicating that oxygen
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incorporated in cyclohexane to form cyclohexanonigimates from the Ti@ surface
rather than from dissolved,O

The second issue is discussed in Chapters 3 afitlébrate of catalyst deactivation
was found to reduce when increasing the hydrophobaracter of the Ti©Ocatalyst
(Chapter 3). This was achieved by anchoring tritystyl groups on the Ti@surface,
which increases the rate of cyclohexanone desaorpfihe rate of cyclohexanone
desorption is also increased operating the reaetiatightly elevated temperatures (T <
50 °C), although this reduces selectivity due to therrial enhancement of reactions
leading to deactivation (Chapter 5).

The third issue is discussed in Chapters 4 and Herevkinetic parameters are
obtained by using the combination of ATR-FTIR spestopy data with theoretical
methods. By Density Functional Theory (DFT) caltiolas, the adsorption enthalpies
of cyclohexanone on different TiQGurface planes, with various adsorbegHayers,
were calculated (Chapter 4). The combination ofrafd spectroscopy with a
microkinetic model allowed for the quantificatiorf the spectroscopic results and
calculation of the kinetic and thermal parametdrthe parallel routes of formation of
cyclohexanone and deactivating species, respegti@ilapter 5).

Chapter 7 summarizes the most important findindk véspect to the mechanism and
kinetics of cyclohexane photo-catalytic oxidatiardgrovides insight in how to reduce
the rate of TiQ deactivation. Although the research in this thegs performed using
artificial UV light, recommendations are given owovh to efficiently use sunlight

illumination to activate the photo-catalytic reacti
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Introduction

Chemical processes are generally operated at etevaiperatures and pressures, and
energy intensive separations are usually necesBhiythesis focuses on the production
of cyclohexanone, which is an intermediate of higimmercial importance as a result
of its use in nylon-6 and nylon-6,6 production. rgsiTiO, based photo-catalysis is a
promising alternative to the inefficient commercigrocess of cyclohexanone
production, producing cyclohexanone very selecfivedt ambient conditions.
Furthermore, potentially the catalyst can be attiyaby a free energy source, i.e.
sunlight. However, low yields and severe catalysadfivation prevent the photo-
catalytic alternative to be industrially appliechelwork presented in this thesis aims at
providing further insight in the mechanism and kicge of cyclohexane photo-catalytic
oxidation to cyclohexanone, by looking closely ¢ surface phenomena. Attenuated
Total Reflection Fourier Transform Infrared (ATRA4R) which allows for the analysis
of adsorbed reagents, intermediates and produtie atatalyst surface, combined with
isotopic substitution and modeling tools, is highiformative. This chapter provides a
theoretical basis for understanding the variousctomvithin this thesis. The aim and
approach chosen to conduct this research are peeiseand a description of the

structure of the thesis is provided.
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1.1. BACKGROUND

1.1.1. Cyclohexane oxidation

Cyclohexane oxidation is of large commercial impooe, with a capacity of ~10
tons a year. In this process a series of liquidsphr@actors operate in a range of 130-
180 °C and 8-12 bar pressure, in the presencehmfn@gogeneous catalyst (cobalt or
manganese naphtenate). Conversion of cyclohexarie the range of 3-8% with
selectivity to cyclohexanone and cyclohexanol of8D%0. The conversion is usually
kept below 5% in order to minimize the formationbyfroducts (e.g. adipic acid and 6-
hydroxyhexanoic acid). A variety of other compoundse formed, such as
hydroperoxides, which are thermally or catalytigatlecomposed to produce extra
cyclohexanone and cyclohexanol. The final prodactsused to produceecaprolactam
and adipic acid, which are monomers of nylon-6 agthn-6,6 respectively, which
explains the high commercial interest in this pescdHowever, the industrially applied
process has disadvantages, namely:

- the energy intensive recycling of unreacted cyclaine;

- the energy intensive separation of the alcoholkatdne by distillation;

- and for the cases where specific caprolactam ptamuds preferred, a higher
cyclohexanone selectivity is desired and an enenmgiensive cyclohexanol
dehydrogenation step is therefore necessary [1-4].

Overall, a high cyclohexanone to cyclohexanol rigipreferred, which is not directly
achieved by the industrial process. Furthermore jndustrially applied process due to
its extreme conditions has led to serious accideriie Flixborough disaster was an
explosion at a cyclohexane oxidation plant in Endldan the year of 1974. Two months
prior to the explosion, a crack had been discovaraahe of the reactors. A temporary
pipe was installed to bypass the leaking reactdralowing continued operation of the
plant while reparations were made. The temporapaby pipe (containing cyclohexane
at 150 °C and 10 bar) ruptured, cyclohexane leakebformed a vapour cloud, which
exploded, completely destroying the plant. Thisidexat killed 28 people and seriously
injured 36 [5].

A safer and more selective alternative to cyclohex& production is needed.



Introduction

1.1.2. Heterogeneous photo-catalysis

In a conventional heterogeneously catalyzed reactosolid catalyst is thermally
activated, while in a heterogeneous photo-catalyeadtion, activation occurs by light,
i.e. by photons. A photo-catalyst is usually a ssmductor material like a metal oxide
or sulfide, such as T ZnO, ZrQ, CeQ, CdS, ZnS, etc. of which Tis the most
widely applied.

Light absorbing semiconductors have been studmszkesi 921, when Tipwas found
to reduce, upon exposure to sun light, in the presef an organic compound [6]. But
it was only in 1972, that Fujishima and Honda [@Jirfid that under UV illumination, a
titanium dioxide electrode immersed in water, yéelthe formation of oxygen, with
hydrogen formation occurring on a platinum coumtectrode. After this finding, many
research groups have dedicated their work to atgesustainable hydrogen production
by water splitting under solar light illuminatioBesides this very important application
many other practical applications of photo-catalysve been discovered. Some of the
most important ones are related to environmentgbliegations, such as water
purification [8,9] and air purification [10,11], Ho using TiQ as photo-catalyst.
Furthermore, Ti@is now broadly applied in self-cleaning and s#dirtizing surfaces,
as well as for cosmetic purposes as sun-blockiegrar where the function of Tj@s to
absorb the harmful UV radiation from the solar $peu [12]. Most commercial photo-
catalytic applications are based on complete diepletf organic pollutants, but there is
also growing scientific interest in the possibility use photo-catalytic redox
transformations in practice, i.e. to selectivelyntiyesize commercially interesting
organic compounds. Heterogeneous photo-catalysisles a large variety of selective
mild oxidation reactions, dehydrogenations, hydrogeansfer reactions°0,-'%0,

isotopic exchange, and alkane-deuterium excharjé4].

1.1.3. Mechanism of photo-catalytic reactions

Both in gas phase and liquid phase (organic or @ag)eapplications, a photo-
catalytic reaction is composed of several steps:
1. Mass transfer of reactants to the catalyst sarfa

2. Adsorption of the reactants
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3. Light absorption by the solid catalyst, creatigctrons (& and holes (B

4. Transport of photo-generated charges to therptiso sites,

5. Reaction of the adsorbed species,

6. Desorption of products

7. Mass transfer of products through the bulk [15]

When a TiQ particle, or any other photo-catalyst, is illunteth by photons with
energies exceeding the bandgap energy of the miatan electron (gis excited from
the valance band to the conduction band, while la tid) is created in the valence
band, which corresponds to an electronic vacantye fbllowing reaction represents
such electron hole separation:

TiO, + hv > TiO, (€ + h) (1.1

The holes and electrons formed after the chargeecageneration participate in
several pathways in photo-catalysis. The electmle-tpair can rapidly recombine,
especially when the concentration 6famd H in the catalyst particle is high. This
recombination reduces the efficiency of photo-gdialprocesses, with energy being

lost as heat:
€ + h" - heat (1.2)

In the presence of adsorbed species, like moleasgen, the photo-generated
electrons, with redox potential of -0.52 V, areeabd reduce oxygen to a superoxide
radical (Q):

€+0,> 0" (1.3)

The superoxide radical is an effective oxidizingmigthat attacks neutral substrates
as well as surface-adsorbed radicals and/or radiced. The photo-generated holes
created on the catalyst valence band are highlgizirg, with redox potential of +2.53
V, and can receive electrons from donors. THecén oxidize water to hydrogen
peroxide (HO,) or free hydroxyl radicals, or a TjQurface hydroxide to form surface

bound hydroxyl radicals, respectively:
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2HO+2H > H,0,+2 H (1.4)
h* + HO & H' +'OH (free hydroxyl radical) (1.5)
h*+ TiV-OH > TiV "OH (surface-bound hydroxyl radical) B

The surface-bound hydroxyl radical, one of the npmsterful oxidizing species [16],
is assumed to be the primary oxidizing specieshim photo-catalytic oxidation of
organic compounds [14,17]. Both surface-bound amd hydroxyl radicals can react
with an adsorbed organic compound, via abstraatioll atoms by thé OH radical,

through a C-H bond cleavage:
RH+ OH > 'R + KO (1.7)

Consequently, the resulting radical can react @ithO,” or an’OH radical to form
oxygenated compounds, which is followed by a rdda@in mechanism that can
eventually lead to the mineralization of the orgacompound to C®and HO. Figure
1.1 shows a schematic representation of the eletiote separation for a Ti(particle
leading to the initial steps of redox conversiormd$orbates.

Equations (1.1) through (1.7) summarize the impartmitial steps of catalyst
activation by photons [17]. Each photo-activatesteshas a characteristic time, which
was determined by flash photolysis for a Ti€atalyst [18] and is shown in Table 1.1.
According to this table, recombination of electtorle pairs (10-100 nm) is faster than
the reactions at the surface (100 ns to ms scatejtributing to the low quantum
efficiencies of photo-catalytic reactions.

After the photon-activation of an adsorbed orgamic the photo-catalyst surface,
redox conversions take place, but the mechanisutdvied remain far from clear. Over
the past 20 years, new spectroscopic technique haeea developed to access the
solid/liquid interface and carry om situ mechanistic studies [19], which will be

discussed further in this chapter.
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Figure 1.1. Fate of electrons and holes within a spherical, Ti@ticle, under UV illumination, in
the presence of an electron acceptor (A) and electonor (D) (left); and energy band diagram of
a TiG, particle (right) [15].

Table 1.1. Characteristic times of Tiphoton activated states [18].

Primary Process Characteristic time

Generation of electron/hole pair:
TiO, + hv = TiO, (€ + h) fs (very fast)

Trapping of electron/hole pairs:

h* + TiV-OH>{Ti"V OH™} 10 ns (fast)
e + TiV-OH>{Ti" -OH} 100 ps (shallow trap)
e+Tiv>Ti" 10 ns (deep trap)

Electron/hole recombination:

e +{Ti"V OH"} > Ti"-OH 100 ns (slow)
h* + {Ti"" OH} > Ti"-OH 10 ns (fast)
Reaction at the surface:

{Ti"V OH™} + organic> Ti"V-OH + oxidized organic 100 ns (slow)

{Ti" -OH} + O, TiV-OH +0Oy” ms (very slow)
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1.1.4. TiO, photo-catalyst

TiO, can exist in three major crystalline phases apatagile and brookite, of which
anatase and rutile are photo-catalytically activith vibandgaps of 3.2 and 3.0 eV,
respectively [18]. Anatase is the most photo-céidily active phase, but is the least
stable of the two phases, transforming into rutiiéemperatures higher than 6%D.
Anatase TiQ has a bypiramid structure exhibiting 95% of thdae as (101) surfaces,
truncated by (001) facets [20], with tetragonal elitsions of a = b = 3.782 A; ¢ = 9.502
A [21]. The bulk structure and equilibrated trurzhioctahedral shape of an anatase

TiO, particle is shown in Figure 1.2.

)

B A/.;!.\-é

—C
)

—
A

%
/

i
|

Figure 1.2. @) Bulk structure of anatase TiQwith the titanium atoms in grey and the oxygen
atoms in white [21] and b) equilibrium shape ofaratase Ti@crystal, according to the Wulff

construction [20].

The activity of TiQ photo-catalysts is dependent on various aspectsinkc
aspects are the catalyst morphology (powder, slarrthin film), the light harvesting
method and reactor design. Intrinsic aspects, witigh be tuned with the applied
catalyst synthesis method, are the crystallinecsire (anatase or rutile), catalyst
surface area, density of surface OH sites, surfacility, surface defects and

adsorption/desorption characteristics, such asdpjlicity.
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The activity of TiQ photo-catalysts is more enhanced by increasing Qht
concentration than surface area. An increase irstiniace area in general results in an
increase of surface defects and larger times dftrele-hole recombination, but an
increase in Ti-OH groups is more beneficial, sitiogy act as both adsorption sites for
H,O and organics, and they are a sourc®éf radicals (upon hole scavenging), which
are the primary oxidation agents in photo-catalsgections.

The surface hydrophilicity is also an importantgraeter; TiQ catalysts are known
to be very hydrophilicwith up to three hydrogen bonded water layers abient
conditions, of which some are strongly adsorbed22R Water adsorption reduces the
number of available Ti-OH sites for adsorption, ahdilso contributes to a higher
concentration of OH radicals under UV illumination, inducing totakidation of
organics to C@and HO [24]. A systematic study of water adsorption a@,Twas
done by Density Functional Theory (DFT) calculatid@5]. However in most DFT
studies the effect of UV illumination is not takero account. It is known that under
UV irradiation the TiQ catalyst undergoes surface modifications, espgcial the
presence of adsorbed water. The UV induced soetaliper-hydrophilicity effect is the
incorporation of adsorbed water molecules in th®, Btructure with formation of new
Ti-OH sites. This was observed by a placing a dropf water on a Ti@film; UV
illuminating this droplet reduces the contact anigle~(® [12]. The reverse reaction,
consisting in the removal of the photon induced €tels with the formation of adsorbed
H,O was found to be a much slower process, in therastldays [26]. Given the strong
hydrophilic character of TiQsurfaces, the absorption characteristics measumeldr
dark conditions will hardly relate to the UV illunation conditions, which will be
discussed in Chapter 5.

In this research, a commercial Li@atalyst Hombikat UV 100 from Sachtleben
Chemie was used. Hombikat UV 100 is synthesizethbysulfate’ technology where
ilmenite (FeTiQ) is leached by sulfuric acid and the formed TiQ&decomposed by
steam into TiQ[27]. Properties of Hombikat UV 100 are resumedatle 1.2.

10
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Table 1.2. Properties of Hombikat UV 100 [28].

Hombikat UV 100

Properties High photo-catalytic activity per unigight
Crystalline phase 100% anatase

Primary particle size <10nm

Agglomerates in kD 1pum

Surface area (ffg) 337

Total surface-OH (mmol/g) 1.21
Acidic-OH (mmol/g) 0.92
Acidic-OH/basic-OH 3.3
Surface-OH density (1/nffh 2.2

Acidity of surface-OH Weak Lewis acidity

1.1.5. Kinetics of photo-catal ytic reactions

Most kinetic models used in photo-catalytic reatdiare based on the Langmuir-
Hinshelwood-Hougen-Watson (LHHW) models [9,29,30hese models describe the
reaction kinetics between two adsorbed speciegearédical and an adsorbed substrate,
or alternatively a surface-bound radical and a fugestrate. The initial rate of substrate
removal (R varies proportionally with the surface covera@g @nd the adsorption
equilibrium of the substrate (K) follows a Langmisotherm, as described in equation
(1.8).

R, = ko = <K&
1+KC,

(1.8)

where G is the initial concentration of the substrate ands the Langmuir-
Hinshelwood reaction constant. The kinetics of atpfcatalytic reaction depends on

several aspects such as catalyst loading, wavélesfgthe UV light, light intensity,

11
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temperature and pH [15]. Among the referred aspettis particular effect of
temperature on the selective photo-catalytic cyekaime oxidation is discussed in
Chapter 5. The effect of temperature on the adtimatnergy of a photo-catalytic
reaction is expected to be small. Activation eresgn the range of 5-13 kJ/mol have
been determined by pulse radiolysis, for the foimmabf ‘OH radicals, or super-oxide
anions [31,32], which is much lower than usuall\s@ived catalytically for thermally
activated reactions. The apparent activation easygjenerally calculated from a log
plot of rate constant and reciprocal absolute teatpee, tend to be affected by the
adsorption enthalpies of reagents or products.oMt temperatures higher apparent
activation energies are commonly a result of prodlesorption limitations, while at
higher temperatures negative apparent activatiogrgées are usually ascribed to
adsorption limitations of the reagent [15,33].

1.1.6. Cyclohexane photo-catalytic oxidation

Contrarily to the industrial cyclohexane oxidatjpmocess, the photo-catalytic process
using a TiQ based photo-catalyst, shows very high cyclohexansglectivity [28].
Various aspects of the photo-catalytic oxidatiorcyélohexane to cyclohexanone have
received attention in the open literature, inclgdihe effect of illumination wavelength
[34], photo-catalyst structure [33] and presencesaients in the reaction [35-37].
Furthermore, various catalytic cycles have beepgsed to explain the photo-catalytic
conversion of cyclohexane to cyclohexanone on i Surface. However, so far little

evidence is available to support the proposed icraatechanisms.

1.2. PROBLEM STATEMENT

The very high selectivity of Ti@catalyzed cyclohexane photo-oxidation to
cyclohexanone is of interest for the possible imdaisapplication of this reaction, as
replacement of the currently applied industrial ggss. However, the low vyields of
cyclohexane oxidation by photo-catalysis make finiscess economically unviable. A

widely known problem of Ti@photo-catalysts is very fast deactivation undejaaic

12
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reaction conditions [11,38], which induces shoact@n life times and low yields. Until
now, little understanding exists on mechanisticctiea steps occurring on the TiO
surface, including its deactivation. In order tgnove the performance of cyclohexane
photo-catalytic oxidation on Ti{) a deeper understanding of the mechanistic reactio

steps is absolutely necessary.

1.3. AIM AND APPROACH

Though reaction mechanisms for cyclohexane phoidadown on TiQ have been
proposed [28,34], littlein situ spectroscopic evidence is available to supporsehe
pathways. The aim of this doctoral research isotaia actual mechanistic evidence and
improve the knowledge of this specific photo-reattiin order to understand its pitfalls
and to design new improvement methods, both ontiga®peration and catalyst
functionalization. To obtain this knowledge, difet techniques and methods were

used, which will be described in the following.

1.3.1. Timeresolved in situ ATR-FTIR spectroscopy

Heterogeneously catalyzed liquid-phase reactioms canventionally analyzed by
sample withdrawal from the reaction medium, follomiy off-line characterization
techniques, such as GC, HPLC, NMR or MS. BesidésghBme consuming, these
techniques cannot analyze labile intermediatesdsorpates on the catalyst surface
[39]. Attenuated Total Reflection Fourier Transfoimfrared (ATR-FTIR) spectroscopy
allows for the investigation of the solid-liquidténface under actual reaction conditions.
In situ ATR-FTIR studies on photo-catalysis have mostlgufed on Ti@ catalyzed
photo-degradation of water-solved organic polluitgd0-47], and on photo-activation
of water [48,49]. In general, these studies havewshthat ATR-FTIR provides a
sensitive tool for the analysis of surface adsorlmedlecules, adsorbed reaction
intermediates and allows estimation of its molecateucture, molecular orientation and
adsorption strength. Furthermore, kinetic and meishia information can be extracted
[50].

13
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ATR is a type of internal reflection spectroscopywhich the sample is placed in
contact with an internal reflection element (IRH) hagh refractive index. Infrared
radiation is focused onto the edge of the IRE,ex#fid through the IRE, and then
directed to a suitable detector [19]. Although ctstginternal reflection occurs at the
sample/IRE interface, an evanescent wave penetsasg®rt distance {dnm) into the
sample, depending upon the wavelengthnm) of the incident light, where it can be
absorbed. An absorption spectrum of the sampleointact with the IRE can be
obtained, the spectrum being dependent on the afigheidence §) and the refractive

indices of the IRE material {pand the sample {y according to equation (1.9).

d = A
" 2mysife-(n, /n)’

(1.9)

The propagating light passing through the IRE foargtanding wave perpendicular
to the total reflecting surface. If the sample absoradiation, the propagating wave
interacts with the sample and becomes attenuatewpresentation of a typical ATR

cell and a focus on the evanescent wave is repgegbénFigure 1.2.

— e

——a

Detector -«

e

——— |R source

—_—

Figure 1.2. Typical ATR cell equipped with a horizontal IRE,ated with a solid catalyst. The
inset represents the penetration depth of the scanewave.

14
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The choice of IRE material is dependent upon a rarmbfactors. These include the
spectral range of interest, the adsorbent/adsodyatem under investigation, the nature
of the solvent being used, the pH of the system pthysical and chemical properties of
the different crystal materials available, andNasheir respective cost. Some of the
most important properties of the ZnSe and DiamofdR Acrystals, which were used

throughout this research, can be seen in Tablg119B.

Table 1.3. Physical properties of ZnSe and Diamond IRE malefil9].

IRE n Hardness (kg/nfh ~ Transmission (cf)
ZnSe 2.4 137 20000-700
Diamond 2.4 7000 4500-2500; 1667-33

The main advantage of ATR-FTIR spectroscopy is d@asitivity enhancement in
comparison to conventional time-resolved spect@awvéler, the high sensitivity of this
technique can also become a limitation, because AmfRared spectra may
simultaneously provide information on dissolved ant$orbed reactants and products,
adsorbed intermediates, by-products, spectator qulgle and the catalyst itself. The
unspecific character of ATR-FTIR may therefore ioeluwery complicated spectral
analysis [51]. Also the time resolution of the dpaiccollection can be a limitation,
when photo-catalytic reactions with very labile icadl intermediates are analyzed. As
shown in Table 1.1, the lifetime of photon-activh&tates ranges from femtosecond to
millisecond time scales. Steps from femtoseconaitsosecond time scales are too fast
to be analyzed by most infrared spectroscopic tigci@s. Some photon induced steps in
the millisecond and second range may be analyzedincously by ATR-FTIR
spectroscopy. Nakamuret al. applied ATR-FTIR spectroscopy to analyze surface
intermediates of photo-catalytic reactions, form®d O, reduction [52] and water
photo-oxidation [53]. These authors proposed a wmmeism of Q photo-evolution,
based orin situ analysis of short lived surface peroxo specie@s)iand TiOOH. In
this thesis, radical intermediates could not be suesd with ATR-FTIR spectroscopy,
but reaction steps in the scale of seconds, likeomdion, desorption, thermal

decomposition and molecular rearrangement coulahbbéyzed.

15
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1.3.2. Isotopic labeling

The combination of ATR-FTIR with isotopic labelirig a powerful approach to
obtain mechanistic and kinetic information on cgtalreactions. Isotopic substitution
is a useful tool for assigning frequencies to bandsdsorbed species, because the bond
strength decreases with isotopic labeling and tRe flequencies shift to lower
wavenumbers. The IR redshift can be predicted byhdrmonic oscillator equation, as
described in equation (1.10).

v=_ |k (1.10)

with v (cm?) corresponding to the frequency of the vibratiogcrmi®.g?) to the force
constant of the bond and(g™) to the reduced mass. The latter is determineddan

the mass of each vibrating atoms, according toteguél.11) [54].

- 1,1 (1.11)
ml m2

E= =

Besides aiding the spectral interpretation, is@aqpibstitution also provides kinetic
information, with the comparison between the raib$abeled and unlabeled product
formation providing indication for the rate-limitirstep of the reaction.

Isotopic substitutes which are commonly used aeetetium tH), an isotope ofH;
80, an isotope of°0; and™C, an isotope of’C. The two first isotopes are used in this
thesis for mechanistic and kinetic studies of clyekane photo-catalytic oxidation, and

are discussed in Chapters 2 and 6.

1.3.3. Modeling

To study the kinetics of a heterogeneous catalymsttion, measurements of
reaction rates and knowledge on the reaction méstmanincluding reaction
intermediates, are crucial. The reaction rates aotivation enthalpies may vary
depending on the reaction conditions of a heteregesly catalyzed reaction, explained

by a change in reaction pathway or rate limitingpstfor example. To obtain this
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information, the combination ofin situ spectroscopy, isotopic labeling and
computational methods is very useful [55]. As refdrto previously, ATR-FTIR
spectroscopy is a very sensitive technique ableintmltaneously provide information
on all the reaction agents. Molecular modelingpamticular Density Functional Theory
(DFT) calculations, can be used for the interpietaof vibration frequencies obtained
experimentally, and aids the analysis of ATR-FTK&ults [46]. Furthermore, with
molecular modeling, adsorption enthalpies of orgaron modeled catalyst surfaces,

which resemble experimental conditions, can alsedtienated [56].

1.4. OUTLINE

The research described in this thesis focuses erutiderstanding of the reaction
mechanism and kinetics of cyclohexane photo-catabgtidation over TiQ, mainly by
in situ ATR-FTIR spectroscopy, combined with molecular &irtetic modeling. Based
on the obtained knowledge, modification of the F@@talyst was performed to improve
the performance in cyclohexane photo-catalytic ati@h.

In Chapter 2, a preliminary reaction mechanismhef photo-catalytic oxidation of
cyclohexane on Ti@is proposed based on situ ATR-FTIR spectroscopic results. A
first attempt is made to determine the rate detangistep in the photo-oxidation of
deuterated cyclohexane. In Chapter 3 the surfacpepties of the catalyst were
modified, by silylation, to increase hydrophobicéyd improve product desorption. The
catalyst synthesis method and the mechanistic aretik effect of TiQ silylation on
cyclohexane photo-oxidation were studied.

The experimental results obtained by ATR-FTIR ammpared with theoretical
methods, on a molecular level and on a microkinégicel. Chapter 4 studies the
infrared absorption features of cyclohexanone dm=bon hydrated Tigsurfaces, by a
Density Functional Theory (DFT) calculation, in erdo aid spectral interpretation and
calculate adsorption enthalpies. In Chapter 5efffect of temperature on cyclohexane
photo-catalytic oxidation is analyzed, and the igld experimental results are fitted to

a microkinetic model, which allows for the quamifiion of ATR-FTIR results and
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determination of kinetic and thermal parametersyaflohexanone formation, as well

surface deactivation.

Due to the many uncertainties still existing

cyclohexanone formation, as well as the formatidndeactivating species, further

isotopic studies were developed and are discuss€tapter 6, with the use of labeled

inateln to the mechanism of

oxygen {?0,). This provided information on the mechanism ofgen incorporation in

products, and on the occurrence of a kinetic isoteffect for the formation of species

inducing catalyst deactivation.

Chapter 7 summarizes the most important findingsiacludes recommendations for

improvement of cyclohexane photo-oxidation. A schéooverview of the structure of

the thesis is given in Figure 1.3.

M ECHANISM

Chapters 2 and 6

ATR-FTIR vs I sotopic labelling

CATALYST DEVELOPMENT

SPECTROSCOPY VSTHEORY

TiO, surface silylation

Chapter 3

Molecular and kinetic modelling

Chapters 4 and 5

SUMMARY AND OUTL OOK

Chapter 7

Figure 1.3. Schematic overview of the thesis.
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Chapter 2

In situ ATR-FTIR study on the selective photo-oxidation

of cyclohexane over anatase FiO

Anatase-catalyzed photo-oxidation of cyclohexans waaalyzed byn situ ATR-FTIR
spectroscopy. A set of seven UV-LEDs (375 nm), vdtiphoton flux of 8.98x1d
Einstein.cnif.s* (at the catalyst surface) was used to initiatepieto-reaction. Surface
adsorbed cyclohexanone and water are the primasglupts of the photo-catalytic
reaction, formed with a photonic efficiency of OrBmol.Einsteiff, through a
cyclohexyl hydroperoxide intermediate. Desorbed layexanone, and surface
carboxylates and carbonates become dominant iaubgequent stages of the reaction,
leading to deactivation of the catalyst. The caytabes and carbonates are most likely
formed through non-selective peroxide oxidation eodsecutive oxidation of adsorbed
cyclohexanone by hydroxyl radicals. In the phottadic oxidation of Q.-
cyclohexane, Ryrcyclohexanone (in the adsorbed state and dissatv@ylcohexane)
was formed at comparable rates as cyclohexanone.abeence of a kinetic isotope
effect suggests that the reaction is not limitedabgivation of cyclohexane, but rather
by activation of oxygen. Desorbed,fryclohexanone was observed at earlier stages
and in higher quantities as compared to desorbetblogxanone. This is tentatively
explained by a higher water content of the applizd-cyclohexane compared to
cyclohexane, inducing cyclohexanone desorption.g8sigons for improvement of the

process are provided on the basis of the acquaiedtsfic information.

This chapter is based on the following publicatidrR.Almeida, J.A.Moulijn, G.Mul, J. Phys.
Chem. C 112 (2008) 155.



Chapter 2

2.1. INTRODUCTION

The oxidation of cyclohexane is an important conuiarreaction to convert
cyclohexane via cyclohexanone in caprolactam, aaman for nylon-6 production. For
caprolactam production a low cyclohexanol/cyclohnoatio is desired, because the
consecutive step of cyclohexanol dehydrogenatiocoistly and energy consuming.
TiO, based catalysts have been identified to be aatitiee photo-catalytic conversion
of cyclohexane, with high ketone selectivity [1]JaNbus aspects of the photo-catalytic
reaction have received attention in the open litgea including the effect of
wavelength [2], catalyst constitution [3] and saltse [4-6]. Furthermore, various
catalytic cycles have been proposed to explaictimersion of cyclohexane. However,
little in situ spectroscopic evidence is available to suppogethEathways. Moreover,
although deactivation of TiOhas been reported previously [7,8], the reasomecfie
have been given little attention.

Attenuated Total Reflection Fourier Transform Inéd (ATR-FTIR) spectroscopy
provides a viable means of investigating the kogewf light-induced heterogeneous
oxidation. By using this technique, reactions camionitored in real time arid situ.
ATR-FTIR studies on photo-catalysis focused mosity the TiQ catalyzed photo-
degradation of water-solved organic pollutants §)-lor photo-activation of water
[17,18]. In general, these studies have shown Afi&®-FTIR spectroscopy provides a
sensitive tool for analysis of surface adsorbed equkes, making it a powerful
technique for mechanistic studies. To the best af &nowledge, ATR-FTIR
spectroscopy has never been used to study selgiv®-catalytic oxidations. In this
chapter we present the results of such study omcthet photo-oxidation of
cyclohexane, with the aim to: i) analyze the preesdeading to deactivation of Ti
the selective photo-oxidation of cyclohexane, andby using D,cyclohexane, to
investigate the kinetically relevant steps in thaation. Ultraviolet light-emitting diodes
(UV-LEDs) were used as UV source, with a charastiersingle peak light emission at
375 nm wavelength. The results of the study areudsed, and guidelines for
improvements of the process conditions for thectigle liquid phase photo-oxidation of

cyclohexane are presented.
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2.2. EXPERIMENTAL

2.2.2. TiO, coating preparation

The photo-catalyst used was Hombikat UV 100 ;T{Sachtleben) of 100% anatase
crystallinity (determined by XRD), agS; of 337 nf/g and a primary particle size of
approximately 5 nm [1]. Hombikat was heated to 2@dr 1 h in static air and
suspended in distilled water at a concentratiot.d¥ g/l. The suspension was treated
for 30 min in a 35 kHz Elmasonic ultrasonic bathmPR of this suspension was spread
on the ZnSe crystal and dried in vacuum overniglhe conditions used were such to
obtain an approximate 1jIm thick coating, as determined by calculations daze

pure anatase density.

2.2.3. ATR-FTIR setup

A scheme of the ATR-FTIR setup is shown in Figurgé. Z'he ATR-FTIR setup
consists of a Harrick Horizon multiple internallesfions accessory, coupled to a 4 mL
flow-through cell containing a ZnSe crystal on th@tom plate, and a quartz window
on the top plate. The 45° internal reflection elatref 50x10x2 mm allows 11 infrared
bounces. The Fourier transform infrared measuresneste performed on a Nicolet
8700 FT-IR apparatus equipped with a DTGS deted&arassembly of 7 UV LEDs
(Roithner Lasertechnik) fitting on the top of thellc provided illumination to the
reaction mixture through the quartz window. The 3if® wavelength UV LEDs were
placed 2 cm above the ZnSe crystal and had a gpaagle of 15°, allowing complete
illumination of the cell. The intensity of each UAED was measured by a photodiode
and, for 375 nm wavelength, an incident photon flaix the surface of Ti©
corresponding to 8.98xT0 Einstein.crif.s!, was determined. The low energy
dissipation of this type of light source, allowgigally up to 90% of its energy to be
transformed into photon energy.

Cyclohexane was saturated with By dry air bubbling at 7.65 mL/min flow. The
oxygen-saturated cyclohexane was flown at 4 mLAniough the ATR cell by means

of a series Il High-Performance Liquid ChromatodmafHPLC) pump. The outflow of
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the cell went through a chilling bath to maintaie tliquid at room temperature. The

temperature was monitored in the oxygenation vdssalthermocouple.

\ f
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Figure 2.1. a) Scheme of the ATR-FTIR cell, including the UED assembly (1), the quartz

window on the top plate (2) and the internal reftet element (3); b) Representation of the IR

path and penetration into the Ti©oating. In practice 11 bounces were allowed lgydtystal

dimensions, rather than the 3 bounces shown.

2.2.4. Cyclohexane and deuter ated cyclohexane photo-oxidation

A volume of 30 mL of cyclohexane 99.0% from J. TakBr was used for photo-
oxidation reactions. Cyclohexane was dried overdidoke type 4A overnight before
use, to remove traces of water. Cyclohexang-89.6 atom % D (Sigma-Aldrich), was
used as received. Prior to the photo-catalytic atkich experiments, adsorption of
cyclohexane on the TiQroating at 8.75 mL.mihwas monitored for 100 min. A mirror
velocity of 0.6329 and a resolution of 4 ¢mwvere used for all measurements. The
spectra during cyclohexane adsorption are shovativelto a background of Tidn
air. After 100 min, a spectrum of adsorbed cycl@mex on TiQ was collected as
background for the photo-oxidation experiments. idd#uced oxidation of cyclohexane
was continued for 100 min, taking a spectrum evaiyute. The background and the

sample spectra were averaged from 64 and 32 spesspectively.
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2.3. RESULTS

The spectral development upon equilibrating cyckalne or deuterated cyclohexane
with the TiQ, surface is shown in Figures 2.2a and 2.2b, resmdet Decreasing peaks
at 3630-3030 cthand 1630 ci correspond to the removal of residual adsorbeemwat
from the TiQ surface. The former broad band is assigned tsttieéching vibrations of
adsorbed LD and the latter to the correspondingOHbending mode [19]. The
symmetric and asymmetric stretching vibrations fed CH groups in cyclohexane
(Figure 2.2a) can be observed around 2924 and @880with the corresponding GD
vibrations in deuterated cyclohexane located atirata800 crit lower wavenumbers
(2149 and 2090 ci). Spectra of adsorbing cyclohexane and deuteteldhexane in
the region below 1500 cfrare shown in Figure 2.3.
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Figure 2.2. ATR-FTIR spectra of a) g, and b) @Dy, (7.85 mL/min flow) adsorption on
anatase Ti@coated on ZnSe (the background used was the gpedtrthe TiQ coating in air).
Wavenumbers in brackets indicate the correspon@ity, absorptions. Spectra were recorded
after 0.5, 2, 6, 10, 20, 40, 60, 80 and 100 min.
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Figure 2.3. ATR-FTIR spectra of a) i, and b) @D, (7.85 mL/min flow) adsorption on
anatase Ti@coated on ZnSe (the background used was the spedtrthe TiQ coating in air).
Wavenumbers in brackets indicate the correspon@iity, absorptions. Spectra recorded after
0.5, 2, 6, 10, 20, 40, 60, 80 and 100 min.

The peaks at 1449 and 1257 %neorresponding to the GHbending vibration in
cyclohexane (Figure 2.3a), appear to be shiftekD&% and 914 cthrespectively, in the
deuterated cyclohexane spectrum (Figure 2.3b)atef bands of cyclohexane located
below 1257 cni (Figure 2.3a), have shifted in the spectrum ofteleied cyclohexane
outside the spectral range of the measurement.h@ih@onic oscillator equation [20]
was applied to support the assignment of the shiftdrared bands for deuterated
cyclohexane. The obtained experimental wavenumbersieviating less than 15 ¢m
from the calculated values. The bands at 1160, 2088988 cril have been assigned in
the literature to rocking and twisting GBibrations [21].

The presence of adsorbed water on the catalys$teiméginning of cyclohexanerp
adsorption could lead to isotopic exchange. Thisnpilmenon occurs only to a small
extent, as is evident from a slight increase oftihads at 1257, 1039 and 1015%tm
assigned to different types of Gkibrations (Figure 2.3b).

Two peaks at 1162 and 1128 ‘tnshow a continuous growth in time during
cyclohexane adsorption (Figure 2.3a). Apparenttyliands of cyclohexane at 1157 and
1090 cm [21] have shifted to higher frequencies upon gosmm. The harmonic
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oscillation theory predicts the appearance of simileuterated cyclohexane vibrations
around 853 and 828 ¢hmbut due to strong absorptions of the crystal tred Ti0,
coating these are not apparent. There is however mgak growing during £
cyclohexane adsorption, at 1215 trwavenumbers, assigned to the L OBagging
vibration of adsorbed deuterated cyclohexane.

The spectrum recorded after 100 min of cyclohexasorption on the surface of
TiO, was used as background for the spectra recordedgdthe photo-catalyzed
reaction. The UV-induced products of cyclohexanelaon are shown in Figures 2.4

and 2.5, and were recorded during 100 min of reacti

g/ O
% ./ - ':'20
x|t T
gt
al t (min)
2040 60 80 10
Surface-OH

Absorbance

3800 3600 3400 3200 3000
Wavenumber (cm)

Figure 2.4. a) ATR-FTIR spectra recorded during cyclohexanen{4min flow) photo-oxidation
on anatase Ti©coated on ZnSe. Spectra recorded at 0.5, 2, &A.310, 60, 80 and 100 min. b)
Surface-OH group (3633 c¢thand HO (3375 cri) peak height evolution.

In Figure 2.4a two absorptions are visible that rbayassigned to the most acidic
Ti(IV)O-H sites (3633 crl) [22] and the OH stretching vibration of adsorbeater
molecules (centered at 3375 ¢mThe irregular shape of the water band indicétes
presence of an additional absorption around 3512 typical for the O-H stretching
vibration of hydroperoxides, which might be indigatof a hydroperoxide intermediate
in the reaction [19]. The surface coverage of ;wth OH groups and §O is changing
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during the photo-catalytic oxidation, which can fmlowed by the peak height
evolution, shown in Figure 2.4b. A strong increas¢he amount of adsorbed water is
observed in the first 20 min followed by a contineadecrease, while the OH-surface
groups on Ti@show a continuous decrease in time. The behaVitreohydroperoxide

contribution is hard to evaluate due to the strowmgrlap with the water absorptions.

O]

1575

Absorbance

1800 1600 1400 1200 1000 800
Wavenumber (cm-1)

Figure 2.5. a) ATR-FTIR spectrum of cyclohexane (4 mL/min flophoto-oxidation on anatase
TiO, coated on ZnSe. Spectra recorded at 0.5, 2, 01010, 60, 80 and 100 min.; b) ATR-FTIR
spectrum (100 times reduced) of 0.06 M cyclohexanioncyclohexane solution over the ZnSe
crystal () and over the Ti@coated ZnSe crystal {b ¢) peak deconvolution of the 100 min

spectrum of cyclohexane photo-catalytic oxidation.

A very broad range of infrared absorptions develiopgme between 1800 and 800
cm?, consisting of several overlapped peaks (FiguB@)2.For the analysis of these
results, it has to be taken into account that lessptoducts yielding positive peaks, also
negative peaks at 1162 and 1128’are present due to photo-catalytic conversion of
adsorbed cyclohexane. The negative peaks at 1259, dnd 902 cthare characteristic
of the scissoring, twisting and rocking vibratiooSCH, groups in cyclohexane [21].
Cyclohexanone synthesis may be followed by the peaki712, 1683 and 1313 ¢m

The desorbed cyclohexanone molecules are identifiethe growing 1712 and 1313
30
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cm™* absorptions. The former peak corresponds to th@ €tretching vibration and the
later one arises from bending modes of,@tbups as a result of the C=0 stretching
motion [23]. Adsorbed cyclohexanone molecules d@,Tead to a less energetic C=0
stretching vibration, that can be followed, in Rigw2.5a, by the 1683 chpeak
intensity. To better exemplify the red shift of t8eO peak in cyclohexanone adsorbed
state; a spectrum of a cyclohexanone in cyclohegahgion (0.06 M) with and without
TiO, coating layer is presented (Figure 2.5b). Undesalived conditions the C=0
stretching peak occurs isolated at 1712'chut in the presence of the TiGoating, the
appearance of a second peak is a clear indicaticadsorbed cyclohexanone. The
‘noise’ observed around 1651 ¢nis due to rotational modes ob®, and is a result of
slightly different levels of humidity during the @daround and sample collection. The
broad peak at 1575 ¢hrcan be assigned to the C=0 stretching vibratioadsiorbed
carboxylates [13,24]. Also adsorbed carbonate sgeaie visible in the spectra, and
induce the 1403 cthband, and features in the 1072-1048cragion [24,25]. An
irregular peak, formed at 880 émvavelength during the photo-catalytic reactiors ha
been assigned to surface peroxides [26]. The ilaegghape of this peak is due to
overlapping negative cyclohexane modes, which mie trend hard to analyze.
However, we feel that the presence of this barfdriber evidence for the formation of
an intermediate peroxide (cyclohexyl hydroperoxid@ce the kinetics of the intensity
is more or less similar to that of the band aro&#i2 cni (shown in Fig. 2.4a).

Further knowledge of the evolution of product fotima can be derived from the
spectra by analyzing the peak area by deconvolutisrshown in Figure 2.5c. In the
deconvolution, the bending mode of adsorbed wates taken into account. The peak
area evolution of cyclohexanone (1712, 1683";marboxylate (1562 ch), carbonate
(1409 cn?), as well as cyclohexane (1128 tndluring the photo-catalytic oxidation is
shown in Figure 2.6. In the first 2 min of reactithhe most prominent species adsorbed
on the catalyst surface is cyclohexanone (1683)cim the following time intervals
partial desorption of cyclohexanone from the swfatto cyclohexane (represented by
the 1712 crif peak) is apparent, while also products of furthédation are formed, the
carboxylates and carbonates (1575, 1403)cifihe negative peak intensity at 1128 cm
! representing the decrease in cyclohexane coveiageonstant after 40 min of

reaction, indicating that the initially adsorbedclohexane is completely converted.
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After 100 min of photo-oxidation, the surface catyate bands have the highest
intensity, followed by the carbonate species.
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Figure 2.6. Evolution of the most prominent infrared peaksyfed upon 100 min cyclohexane
photo-oxidation (4 mL/min flow) on anatase pi@oated on ZnSe. Bulk cyclohexanore ),
adsorbed cyclohexanona)( carboxylates X), carbonates{), and adsorbed cyclohexane (*).

Lines are only used as reference guide.

The area of the 1712 and 1683 tmeaks provides quantitative information on the
relative ratio of dissolved and adsorbed cyclohexanmolecules formed during photo-
catalytic oxidation. A Langmuir curve was constagtto correlate the peak area (1683
cm?) to the concentration of adsorbed cyclohexanohe. Aulk cyclohexanone, on the
other hand, was calibrated by a linear correlatietween concentrations and 1712%m
peak area (Figure 2.7). The production of cyclonexe during the photo-catalytic
oxidation could thereby be followed, which is showrFigure 2.8. A high initial rate of
adsorbed cyclohexanone formation is apparent infitse 10 min of reaction, until
steady state is reached. This is followed by then&tion of dissolved cyclohexanone,
initially at comparable rates as adsorbed cyclohera, and then showing a

continuously decreasing rate in the time span ef#action.
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Figure 2.7. Peak area calibration of cyclohexanone adsorbed T, (¢) and bulk
cyclohexanonex().
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Figure 2.8. Concentrations (mol:f) of adsorbed cyclohexanone)(and bulk cyclohexanona

formed during the photo-catalytic oxidation of aywéxane.
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Based on these data, i.e. the initial rate of dm=brcyclohexanone formation, the
photonic efficiency of this process at 375 nm wamgth could be determined.
Considering that the UV light penetrates through thole thickness of the powder
layer [27], a photonic efficiencyd) of 0.5 mmol.Einsteih, was determined [28].
Besides the detailed qualitative informatiansitu ATR-FTIR is thus also quantitative.

Photo-catalytic oxidation of deuterated cyclohexaes performed to determine the
presence or absence of a kinetic isotope effece fands in infrared absorption
intensities can be seen in Figures 2.9 and 2.1Gherhigher (4000-2000 ¢t and
lower frequencies (1800-1000 &inrespectively.
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Figure 2.9. a) ATR-FTIR spectrum of deuterated cyclohexanen{4min flow) photo-oxidation
on anatase TiQcoated on ZnSe. Spectra recorded at 0, 2, 6,¥® 60, 80 and 100 min. b)
Acidic surface-OH groups (3624 &n H,O (3406 crif) and DO (2318 cril) peak height

evolution.
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Figure 2.10. ATR-FTIR spectrum of deuterated cyclohexane (4mih/flow) photo-oxidation on
anatase Ti@coated on ZnSe. Spectra recorded at 0, 2, 6,01GL® 60, 80 and 100 min.

The photo-catalytic oxidation of deuterated cychare shows in the high frequency
range not only the decreasing intensity of the @Hage groups and a trend in
adsorbed KD, but also the OD stretching vibrations of adsdrBgO (at 2318 cr).
Figure 2.9b shows the peak height evolution of éhbands. The decrease in the
intensity of the OH surface group at 3624 cis similar to that observed during
cyclohexane photo-oxidation (Figure 2.4b). Althoupk assignment of the 3406 band
is ambiguous, it can be postulated that the ineréashis absorption is associated with
the formation of the cyclohexyl peroxide intermédiand water. A strong decrease in
the spectral intensity of adsorbedQH(and peroxide) is observed in the later stages of
the experiment, with a continuous increase i htensity.

Comparing Figure 2.10 and Figure 2.5a, spectraufea of cyclohexanone (1713
cm?), adsorbed cyclohexanone (1691 9nas well as carboxylates (1571 &rand
carbonates (1407 c¢tp are very similar during oxidation of cyclohexarsnd
cyclohexane-B,. The negative peaks, related to adsorbed;£consumption have
shifted outside the region of the carbonate aborpt At 1214 cii wavenumbers, the
consumption of the reagent may be followed, whisbves a very similar trend as the

corresponding 1128 chpeak of cyclohexane (Figure 2.5a).
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The time evolution of the adsorbed and desorbetbbgganone peak areas during
cyclohexane and cyclohexangs®xperiments are shown in Figure 2.11. For the time
evolution of the adsorbed carboxylate and carbopai@k areas the comparison is
shown in Figure 2.12. The formation of surfacg-Byclohexanone occurs at a slower
rate than Hy-cyclohexanone. On the other hand, dissolvggdpclohexanone forms
almost immediately after the onset of the reactiomhereas dissolved b
cyclohexanone shows an apparent initiation perfamt.the carboxylate and carbonate

species, a decrease in peak intensity is obseruddgdthe deuterated experimerst

cyclohexane oxidation.
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Figure 2.11. Peak area growth upon 100 min cyclohexane andedat cyclohexane photo-
oxidation (4 mL/min flow) on anatase Ti@oated on ZnSe. Adsorbed cyclohexanamg lgulk

cyclohexanone< ), adsorbed R-cyclohexanoner() and bulk Qg-cyclohexanone<§). Lines are

only used as reference guide.
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Figure 2.12. Peak area growth upon 100 min cyclohexane andedsatl cyclohexane photo-
oxidation (4 mL/min flow) on anatase TiCcoated on ZnSe. Adsorbed carboxylatds),(
adsorbed carbonatesm)( adsorbed deuterated carboxylates) @nd adsorbed deuterated

carbonatesH). Lines are only used as reference guide.

2.4. DISCUSSION

Reaction mechanisms of the photo-catalytic oxidatiof cyclohexane to
cyclohexanone over TiOhave been proposed [1,2,4,5], but spectroscopaeree is
scarce, and the products of further oxidation @megally not taken into account. Based
on thein situ ATR-FTIR spectra of the photo-catalytic oxidati@fi cyclohexane
reported in this study, a mechanism is proposeldidirtg consecutive photo-oxidation
to surface carbonates/carboxylates.

In Figure 2.2, it has been shown that residual matethe TiQ surface is removed
and cyclohexane adsorption is apparent by the banhds162 and 1128 ¢t The
reaction of adsorbed cyclohexane is initiated Ightli The physical processes upon
absorption of light by Ti@ have been discussed extensively in the literatamd, it is
clear that both holes and electrons, after reactiiagsurface, can interact with species
present on the surface of the catalyst. In thie,cse photo-generated holes, if not
recombining with electrons, can react with the QHups on the catalyst surface (with
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hydroxyl radical formation), or react directly withe adsorbed cyclohexane molecules
(with cyclohexyl radical formation). Most scientistavor the activation of the OH
surface groups on the catalyst, which we have asdumour mechanistic pathway as
well. Electrons are generally assumed to react @itlyielding G -

TiO, +hu —— €& +h*

(2.1)
e + h* —» heat 2.2)
02, ads +e — 5 02'- (23)
OH OH OH
Lo L1 e o
| | e | |
o N ou o ¢ ou (2.4)

The surface hydroxyl radical is very reactive amtniediately reacts with the surface
adsorbed cyclohexane to a (surface adsorbed) @xjbhadical and water:

+OH 5 + H,0
(ads) 7 (ads)

H  H H (2.5)

This is then followed by the reaction of the cydgyl radical and the superoxide ion

to yield an adsorbed peroxide intermediate:

+ 0, )
7 (ads) (ads)
H H e}
_/
(0]

(2.6)

38



In situ ATR-FTIR study on the selective photo-oxidatiorcg€lohexane over anatase FiO

< Q5
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_O/ H /O :
[ o |
H , H
/Ti\|/Ti+\ LN /'Il'i+\ PN N
oH d OH OH o OH OH o) OH (2.7)

Finally reaction (2.7) shows the acid catalyzedgigle decomposition and formation
of cyclohexanone, with regeneration of the hydrayydup. This mechanism is largely
supported by our spectroscopic data. First, suréatserbed water is clearly formed at
comparable initial rates as cyclohexanone, whike fdatures in the absorption bands
around 3512 cih and around 800 cfare also consistent with the formation of a
peroxide. Second, involvement of a surface hydrogybup in interactions with
intermediates and products (reaction (2.7)) is shbw the decreasing intensity of the
3633/3624 cil absorption. The mechanism would indicate thahénoxidation of B.-
cyclohexane, HOD would be formed in the initial gga of the reaction (through
reaction (2.5)), while kD is observed. In view of the large quantity ofdaciOH
groups on the surface in the beginning of the reacthis is most likely the result of
isotopic exchange of HOD with O-H, yielding,® and O-D. The decrease in OH-
surface groups is indeed faster during th®:g photo-oxidation experiment (Figure
2.9b), consistent with the formation of OD sitesd asurface isotopic exchange.
Spectroscopic evidence for the O-D groups is anthiguwith the expected absorption
around 2600 cihstrongly overlapping with the broad features @ B3O absorptions.
Still, a shoulder could be present at the high deswpy tail of the BO absorption
(Figure 2.9a), in particular in the initial stagdghe reaction.

Following these initial stages of the reaction, theface becomes progressively
saturated with water, peroxides, and cyclohexantgaaling to secondary processes.
Cyclohexanone desorption is observed (Figure Z&)ilitated by the competitive
adsorption of water molecules formed in the reactigigure 2.4b). The slow initial
rate of cyclohexanone desorption, is absent intteed of bulk Q.,cyclohexanone
(Figure 2.11). Different initial water concentrat® in cyclohexanevs deuterated
cyclohexane are proposed to affect the differesmdrin the formation of dissolved

CsH10O and dissolved ¢D,,0. The 1712 ci peak area in the deuterated experiment
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shows a faster growth, suggesting a slightly higb@ncentration of FO (or D,O)

competing with the catalyst surface sites andifatimig D;o-cyclohexanone desorption.
Despite this beneficial effect, there is howevesezondary effect of the increasing
surface coverage of water, being the formationdafittonal -OH radicals (and protons),
consistent with the decreasing water peak in thal fstages of the reaction (Figure
2.9b). These are most likely involved in the se@gchon-selective reactions, as will

be discussed later.

2.4.1. Rate determining step

The initial aim of the use of deuterated cyclohexams to evaluate the presence of a
kinetic isotope effect. Slight deviations in spattintensity are expected, since the
refractive indexes of §1,, and GDi, are slightly different, but this is a minor effect
Comparing the reactivity profiles in Figures 2.Ifddaking into account the sum of the
adsorbed and dissolved amount of cyclohexanonieitbeginning stages of thetG,
and GD;, photo-catalytic oxidation, a similar reactivityagserved. The reaction rate is
therefore not affected by the isotopic exchangd, r@action steps involving C-D bond
breaking (like reaction (2.5) or (2.7) in the prepd mechanism) are not rate limiting
the formation of the cyclohexanone. The kineticeyflohexanone formation by photo-
catalytic oxidation thus seem to be limited by &eotreaction, like for example the
activation of Q, which depends on free electron availability amdsambed @
concentrations. The solubility of ,Gn cyclohexane is low, and a limitation in, O
availability is not unlikely. Experiments at high®s pressures are planned to verify this

hypothesis and to enhance the reaction rate.

2.4.2. Formation of carbonates and carboxylates

After two min of reaction, the formation of carbdatge (1575 crif) and carbonate
(1403 cn') species is already apparent. Based on the sgeopiz data, a scheme for
the formation of secondary products can be drawchgBe 2.1). The adsorbed
cyclohexanone molecules are proposed to be thermeagent forming the carboxylate

compounds. Carboxylates can further oxidize to @aakes or even completely to €O
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and HO. Besides consecutive reaction of cyclohexanolse, & non-selective route of
peroxide decomposition to carbonates and/or catbhtesy might exist, due to
deactivation of acidic OH groups on TiDissolved cyclohexanone formation shows a
very similar time dependence as the carbonate/ggldte formation, and it is thus
concluded that these species are inducing theysatdéactivation. Carbonate species,
in particular, have been considered detrimental plooto-catalytic processes, due to

their competition to adsorption sites and photoegated holes [29].

Scheme 2.1. Steps of cyclohexane photo-catalytic oxidation,ludimg the formation of
carboxylates, carbonates and finally, the product®tal oxidation. Step (1) occurs over totally

hydroxylated TiQ surface. On deactivated catalyst, step (1) and @)ra@multaneously.

/H

o o)
[ m [ m 0
O O. o]
H,0
hv i (1)
AA» —_— _— D —
0,/ OH" u* -
ads ads ads ads
/’
= RC
AN

/o

ORads

2

Isotopic exchange has a clear effect on the foonatif carboxylate and carbonate

— 3 RO—C

OH ads l

CO, + H0O

compounds, of which the intensity of absorptioncisarly lower than in the
cyclohexane photo-oxidation (Figure 2.12). Agaim.edfect of the refractive indexes of
CeHi, and GD.y, which are slightly different, is contributing, tomot enough to
completely explain the difference. It is appareatnf the experiment that the surface
cyclohexanone coverage is lower in the C-D expamintban in the C-H experiment
(Figure 2.11), which is consistent with the lowencaunt of carbonates/carboxylates if

consecutive cyclohexanone oxidation is leadinchoformation of these non-selective
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oxidation products. Another explanation is relai@dhe kinetic isotope effect: multiple
C-H or C-D bonds need to be broken for carboxytatd carbonate formation, which
might contribute to the lower rate. Finally, formeat of OD radicals might be slower
than the formation of OH radicals, as a resultefdtability of DO vs H,O.

The apparently different carboxylate/carbonateorattensity for the gH,, (Figure
2.5a) and gD, (Figure 2.10) photo-oxidation, is most likely amifact, induced by the
negative contribution of the 1449 ¢npeak to the carbonate intensity in thgHG

experiment.

2.4.3. Cyclohexanaol formation

Cyclohexanol has often been reported as one ahth®-oxygenated products of the
cyclohexane photo-catalytic oxidation, and has bksen proposed as an intermediate in
cyclohexanone formation [5]. The presence of cyekamol has, however, not been
detected under our experimental conditions. Theaheristic cyclohexanol absorption
peaks between 1500 and 800 tmere absent. Therefore, the formation of this mono
oxygenated compound, if any, must occur at very doMf undetectable concentrations,

under our experimental conditions.

2.5. CONCLUSIONS

The photo-catalytic oxidation of cyclohexane wasfgrened over anatase TjQvith
a photonic efficiency of 0.5 mmol.Einstéinin the first min, the reaction was very
selective towards cyclohexanone formation, howewdesorption of this compound
from the TiQ surface is slow, making it feasible to react farthowards carboxylate
and carbonate-like compounds. The strong adsormiothese compounds on the
catalyst surface strongly decreases the rate ddlegganone formation.

No kinetic isotope effect was observed for the fation of cyclohexanone, so the
formation of this compound is proposed to be lichitey the Q pressure. A faster
cyclohexanone desorption was observed during thdedsed cyclohexane photo-

oxidation, possibly due to an increased competidgorption of KO and BO.
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ATR-FTIR showed to be applicable for situ analysis of selective photo-catalyzed
reactions, allowing a better understanding of #ection mechanism of selective photo-
oxidation of cyclohexane. Quantitative analysisttud selective oxidation product and

the photo-catalytic efficiency are possible.
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Chapter 3

Improved performance of TiOn the selective
photo-catalytic oxidation of cyclohexane by inciagghe

rate of desorption through surface silylation

The effect of silylation on the performance of aratase TiQ catalyst, in the selective
photo-oxidation of cyclohexane was investigatedhgisAttenuated Total Reflection
Fourier Transform Infrared (ATR-FTIR) spectroscand an illuminated slurry reactor.
The rate of cyclohexanone formation showed a degmyd on the availability of
surface active OH-sites, and on the desorption shteyclohexanone. Two classes of
catalysts could be identified: (1) those containlegs than 1.0 wt% Si where the
cyclohexanone formation rate is decreased by $ityladue to a decrease in OH
availability, and (2) those containing more tha® Wt% Si where the improved
desorption rate becomes dominant over the decigga®H availability, and the
cyclohexanone formation rate observed in an illated slurry reactor is increased.
ATR-FTIR spectroscopic results confirmed the line@crease in the rate of
cyclohexanone desorption as a function of increpsilicon content of the Tigsurface.
Because of this enhanced desorption, silylation atsulted in a decrease in rate of

formation of surface deactivating carbonate antaaylate species on TiO

This chapter is based on the following publicatignR.Almeida, J.T.Carneiro, J.A.Moulijn,
G.Mul, J. Catal. 273 (2010) 116.
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3.1. INTRODUCTION

Photo-catalysis is widely applied in the decompaositof contaminants from water
and air [1]. Among various semiconductor materidlg), is the most investigated
catalyst, and used in commercial water purificafidh The use of Ti@to selectively
synthesize organic compounds at mild conditionalss of interest [3]. However, low
conversions and strong deactivation of Fi€atalysts prevent these photo-catalytic
processes from being commercially applied [4-8]e Thason for Ti@deactivation is
the formation of surface bound carbonates and egtaies, as observed in ATR-FTIR
spectroscopy studies. The formation of these speitiethe selective cyclohexane
oxidation was proposed to be the result of slowog#®n of cyclohexanone, which
leads to overoxidation [8]. Transient studies aonéid that cyclohexanone desorption is
slow: to desorb 90% of adsorbed cyclohexanone figre-illuminated Ti@Qcatalyst in
cyclohexane, requires almost 30 min in the dark [®]order to decrease the rate of
deactivation in cyclohexane oxidation, desorptioh @yclohexanone should be
stimulated. Several strategies could be followedathieve this, such as the use of
solvents [10-12], the use of elevated temperatiir@sor catalyst modification. In this
research the last option has been evaluated, ticylar the modification of the TiD
surface by silylation. This method is commonly égqblfor Ti-substituted mesoporous
silica catalysts, to reduce desorption limitatiofigolar products in oxidation reactions
[14-16]. In these cases, silanol groups from theaperous support are exchanged with
methylated silane groups, like trimethylsilanest Biso silylation of commercial TiO
has been applied and in general a decrease irceurfairophilicity and affinity to polar
molecules has been observed [17,18]. It will be alestrated in the present paper by
data obtained fronmn situ ATR-FTIR studies that the hydrophilicity of a corarial
TiO, catalyst is indeed decreased by coupling trimstlayle groups to its surface,
stimulating desorption of cyclohexanone formed blgotp-catalytic cyclohexane

oxidation, and thus reducing the rate of catalgstativation.
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3.2. EXPERIMENTAL

3.2.1. Catalyst synthesis

The photo-catalyst used in this study was Hombli&t1 00 TiO, (Sachtleben) of
100% anatase crystallinity (determined by XRD), 2r$f 337 nf/g and a primary
particle size of approximately 5 nm [7]. Hexametliglazane (HMDS) from Fluka was
chosen as the silylating agent, because of its higictivity [19,20]. The silylation
method applied is similar to the one described ageev et al. [21]. The catalyst was
dried overnight at 120°C, and 0.5 g of JTi2as mixed with different volumes of HMDS
in 10 mL of toluene (99.5% from Sigma Aldrich), & magnetically stirred round
bottom flask with a reflux cooler. The synthesissvearried out at room temperature for
24 h, after which the silylated TiOmaterials were filtered, washed with toluene and
dried overnight at 120°C. Four silylation batchesravmade with 0.02, 0.06, 0.08 and
0.15 g of HMDS.

3.2.2. Catalyst characterization

X-Ray Fluorescence (XRF) measurements were perfbionea Panalytical PW 1480
spectrometer and the silicon content (wt%) in thdated TiO, catalysts was calculated
with the so-called Superq routine. The silylate@®,Icatalysts were characterized by
Diffuse Reflectance Infrared Spectroscopy (DRIF®8)a Bruker IFS 66 spectrometer.
The catalyst powders were introduced into a DRIE&S(Spectratech) and dried for 30
min at 120°C. All absorbance and single beam speatre collected with 128 averaged
scans and 4 chspectral resolution against a KBr background. fugravimetric
analysis (TGA) was performed on a Mettler ToledoAT&DTA851e. The samples were
heated from 25-600°C at a heating rate of 10 K/amider 10 mL/min He flow. Solid
state?’Si Magic Angle Spinning Nuclear Magnetic Resona(fégi MAS NMR) was
performed on a Bruker Avance 400 spectrometer,guairb mm zirconia rotor, with
spinning speed of 11 kHz. The spectral window waB63 Hz, with 50 ms acquisition

time and 15 s acquisition delay.
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3.2.3. Cyclohexane photo-catalytic oxidation — AHRR

The catalysts were dried at 120°C for 1 h in staticand suspended in toluene at a
concentration of 3.67 g/L. The suspensions weratdre for 30 min in a 35 kHz
Elmasonic ultrasonic bath; 2 mL of this suspensi@s spread on a ZnSe crystal and
dried in vacuum overnight.

Thein situ ATR-FTIR setup used for the photo-catalytic oxidatof cyclohexane is
described in detail elsewhere [8]. Briefly, a vokriraf 50 mL of cyclohexane 99.0%
from Sigma Aldrich was used for the photo-oxidatieactions. Cyclohexane was dried
over Molsieve (type 4A) overnight before use, tmoge traces of water, and saturated
with O, by bubbling dry air at 7.65 mL/min. The oxygenusated cyclohexane was
flown at 4 mL/min through the ATR cell by meansaoderies Il high performance liquid
chromatography pump. Prior to the photo-catalytitiation experiments, adsorption of
cyclohexane on the TiOcoating was monitored for 60 min. A spectrum o$@ted
cyclohexane on Ti@was collected as background for the photo-oxiga&zperiment.
UV-induced oxidation of cyclohexane was continued 90 min, taking a spectrum
every min. The photo-catalytic reaction was ingthtoy an assembly of 7 UV LEDs
with 375 nm wavelength emission with an incidenotoin flux of 9x10° Einstein.cm
2 s at the surface of the catalyst coating. The fingtute of collection was performed
in the dark. The background and the sample speatre averaged from 64 and 32
spectra, respectively. A mirror velocity of 0.63@@ s' and a resolution of 4 cfrwere
used for all measurements. All the spectra wereected by subtracting the features of

the rotational modes of water vapor.

3.2.4. Cyclohexane photo-catalytic oxidation — §lueactor

Photo-catalytic tests were performed in a slurrgcter illuminated from the top,
which will be referred to as top illumination reactand is described elsewhere [22].
The pyrex reactor contained 100 mL of cyclohexand & g/L of catalyst on all
measurements. Air, pre-saturated with cyclohexaag bubbled through the liquid at a
flow rate of 30 mL/min, assuring constant saturataf cyclohexane with ©(0.012
mol/L). lllumination was provided by a 50 W highegsure mercury lamp (HBO50W
from ZEISS), with incident photon flux of 2.10x10Einstein crif s* in all
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measurements. The reaction was carried out formi@Oand liquid GC samples were

analyzed by a flame ionization detector (Chromop@Pkvax 52CB).

3.3. RESULTS

3.3.1. Catalyst characterization

The applied variation of the silylation method diedl a series of materials with
different silicon loading on Ti@ TiSi0.1, TiSil1.0, TiSil1l.6 and TiSi2.1, which caint
0.1, 1.0, 1.6 and 2.1 wt% Si, as determined by XR&lysis. Bare Hombikat, of 100%
anatase chrystallinity, is referred to as TiSi0eThGA analysis of TiSiO, TiSil.0,
TiSil.6 and TiSi2.1 recorded in He are shown iruFég3.1. The negative contributions
in this figure correspond to the weight loss diddey initial mass of catalyst, and are
displayed as a function of increasing temperatdtéemperatures below 120°C, weakly
adsorbed water is removed from the catalyst suiffEsl More strongly adsorbed water
is removed at temperatures between 120-300°C {#8jre particle sintering also starts
to occur. In the range of 150-400°C an extra cbutidbn related to decomposition of
HMDS residue may contribute to the weight loss [ ove 400°C a negative feature
is observed for the silylated catalysts, which esponds to the decomposition of
trimethylsilyl groups from the silylated surface9]1
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Figure 3.1. Thermogravimetric analysis (TGA) under He flowafTiSiO (black line), TiSi1.0
(grey line), b) TiSil1.6 (black line) and TiSi2.1réy line).

49



Chapter 3

23 MAS NMR was performed on the TiSi1.6 catalystsihderstand which type of
Si bonding was induced by the synthesis methodFigure 3.2, a single peak is
observed at 11.69 ppm that corresponds to (TiO}j)J14,16,19]. Additional NMR
features were absent, like those of Si-OH and SiF@Qroups, so neither hydroxylation
nor polymerization of surface silane groups hasuoed to a large extent in the

synthesis.

11.69
30 20 10 0 -10
ppm

Figure 3.2. °Si MAS NMR of the TiSi1.6 catalyst.

The DRIFTS analysis of the catalysts is shown iguFé 3.3(a) and (b). Though
different OH active sites have been identified avmmercial TiQ surfaces, for
simplicity we refer to the surface active sitesaaglic or basic-OH. The surface OH
density was determined by the Fe(agagsorption method [24], which accounts for all
types of OH sites, of which an acidic contributiwas measured by NHTPD [7]. The
remaining contribution will be referred to as ba®id groups. An acidic/basic OH ratio
of 3.3 has been reported for this commercial ;1[i}, corresponding to ~75% surface
coverage by acidic-OH sites. Stretching vibratiarfsthe acidic-OH appear in all
spectra, as a number of overlapping bands in t89-3630 crit region [25] (Figure
3.3(a)). A broad contribution of J@ is also apparent in the 3600-3000 cragion. The
basic-OH group is H-bridged with adsorbed water enoles, and its stretching
vibration is expected to absorb around 3415'chut is overlapped by strong water

contributions [25]. The peak area of the acidic-BHepresented in Figure 3.3(c) as a
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function of silicon content, and a decreasing tread be observed. The TiSi0 sample
shows small methyl vibrations below 3000 tmharacteristic of this commercial TiO

A reference spectrum of liquid HMDS is shown in g 3.3(a) with specific CH
stretching vibrations at 2954 and 2897 crithe silylated materials show similar IR
bands, but shifted to higher wavenumbers, 2958 28@b5 cm'. The shift is more
intense for TiSi2.1, in which the GHtretching vibrations of silane occur at 2972 and
2915 cnt. The typical Si-OH stretching vibration expectad3&75 crit [26], is not
visible in any of the silylated catalysts, in agreat with theé°Si MAS NMR result.

The spectral features of the samples in the rarigb460-1100 crid are shown in
Figure 3.3(b). TiSi0 does not show any particulandin this region, besides the broad
feature of strong Ti-O-Ti stretching modes below0Q0cm’. The silylated Ti@
catalysts show additional IR bands, which are iaiie of the presence of surface
silane. The reference spectrum of HMDS has spelf¥fibands at 1249 and 1178 ¢m
which correspond to a GHyroup deformation mode [27] and to NH bending nsode
[28], respectively. The silylated Tinaterials show the GHyroup deformation mode
[27] at 1253 cnt and a number of overlapping bands at lower wavérausy of which
the one occurring at 1158 &nis the most pronounced. These bands occur in the N
bending region and are probably related to smalbumts of adsorbed NH28,29].
TiSi2.1 shows only the CHgroup deformation mode [27] at 1266 trand no clear
NH; contribution. Other important vibrations like Sir6cking around 860 crh[27],
Ti-O-Si stretching vibration at 910-960 ¢nor Si-OH at 980 cfh [30] are not visible

due to the strong absorption modes of JJiO
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Figure 3.3. DRIFTS measurements recorded in He flow of Tigi®i0.1, TiSil.0, TiSi1.6 and
TiSi2.1 at RT after heating to 120°C, includingeference spectrum of liquid HMDS, measured
by ATR-FTIR spectroscopy in the (a) 3800 to 2800 amavenumber region and (b) the 1450 to
1100 cmt wavenumber region. In (c) the peak area of thdi@diO-H stretching vibrations is

represented as a function of silicon content.
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3.3.2. Photo-catalytic cyclohexane oxidation

Figure 3.4 shows the ATR-FTIR absorption spectrahef catalysts in cyclohexane
flow after 90 min of UV illumination. The acidic-Okites on TiQ are depleted during
the photo-catalytic reaction [8], as witnessed 168i0 by the negative vibration
centered at 3630 ¢m The same feature is present in the spectra ofsilytated
samples, with the higher the silicon content, therdr the extent of depletion. The
center of the (negative) acidic-OH peak shifts fr@®30 cmi on TiSi0, to 3650 cfhon
silylated catalysts, and the relative contributiohthis shifted band increases with
silicon content. In the infrared fingerprint regjdmelow 1800 cm, the main products
formed during reaction can be observed. The basdrebd at 1710 cihcorresponds to
the C=0 stretching vibration of cyclohexanone, witleis molecule is desorbed and
dissolved in the reaction mixture. The bands okt 1691 and 1682 cnare also
corresponding to the C=0 stretching vibration oflofiexanone, but indicate that the
molecule is adsorbed on the catalyst surface ttrdwydrogen bonding [8]. The relative
absorption of bulk/adsorbed carbonyl bands depemdshe degree of silylation. In
TiSi0 the bulk cyclohexanone band is much lowemtliae bands corresponding to
adsorbed cyclohexanone. Silylated samples shomitasibulk cyclohexanone band as
observed for TiSiO, but lower contributions of admxd cyclohexanone. The formation
of other species is also apparent in the regioovbel600 crif, where a broad
absorption of at least three main bands is appaBafferent species can contribute to
these absorptions, including symmetric vibratioficarboxylates [31,32], carbonates
(around 1589 cif) [33], and bicarbonates (around 15557%ni34]. These species
adsorb strongly on the TiGurface and are therefore referred to as deaictiyapecies.
The CH bending vibration of the silane groups shows aatieg absorption after the
photo-catalytic reaction. The position of these aieg bands is at 1247 &mfor
samples of low silane content, and at 1256 éon TiSi2.1. These bands are slightly red
shifted in comparison to the ones observed in Ei@UB.
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Figure 3.4. ATR-FTIR spectrum after 90 min of cyclohexane mhokidation on TiSiO, TiSi0.1,
TiSil.0, TiSil1.6 and TiSi2.1.

The peak heights of the 1691, 1579 and 3630 tands after 90 min of photo-
catalytic reaction, were determined for all catyand are shown in Figure 3.5, as a
function of silicon content. The band height fosabed cyclohexanone decreases with
silicon content. The peak height of the acidic-Oéplétion is represented by positive
values, showing a decrease with surface siliconceomation. Both adsorbed
cyclohexanone and acidic-OH depletion show a smtitend. From the intensity of the
band of deactivating species represented by therplien at 1579 cf it can be
concluded that the amount of deactivating speaesdd decreases only above 1.0%

silicon content.
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Figure 3.5. ATR-FTIR bands after 90 min of cyclohexane phatadation for TiSiO, 0.1, 1.0, 1.6
and 2.1 divided by the mass of catalyst. The bkgkbols correspond to deactivating species
(1579 cm'), the empty symbols to adsorbed cyclohexanonel(t&%") and the grey symbols to
the positive values of acidic-OH depletion (3630%m

3.3.3. Cyclohexanone and water desorption undek danditions

Cyclohexanone and water desorption were analyzied efaction in the ATR-FTIR
set-up, by continuing the cyclohexane flow underkdeonditions. Cyclohexanone
desorption is characterized by a decay in the gitgmf the 1691 cf band in time,
which is shown in Figure 3.6(a), for the TiSiO, i® and TiSi2.1 catalysts. Although
carboxylates and water might have a small contiobuto the peak height of the 1691
cm* band, exponential curves could be well fitted tiylo the data, allowing estimation
of the desorption constants of cyclohexanone thraihg following equation: H = §
exp (kest) + Heng, Where kesis the desorption constant of cyclohexanone, nredsin
1/min, while H is the 1691 cfhpeak height in time, §the peak height at t = 0 min, and
Hend the peak height at t = 60 min, all determinedbsabance units petgys: TiSi0
starts from a larger value ofHut for all cases a similarck) is reached after 60 min of
dark desorption. Theyk values deduced from the exponential decay inadlgsts are
represented in Figure 3.6(b) as a function of gilicontent, and a linear relation was

obtained.
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Figure 3.6. (a) Cyclohexanone desorption (dark conditions)T@é®iO (open symbols), TiSil.0
(grey symbols) and TiSi2.1 (black symbols) measungdhe 1691 ci band height divided by
catalyst mass (the lines correspond to exponefits] (b) cyclohexanone desorption constant

(determined from the exponential curves) as a fandaf silicon content (wt%).

A similar result was obtained for water desorptadter reaction, shown in Figure
3.7(a). The amount of water desorbing from TiSiOmiach larger than for silylated
materials, indicating a higher degree of surfacdréityon. The exponential curves fitted
through the data provide an estimate for the déseorpconstant of water from the
surface, which is represented in Figure 3.7(b) &snation of silicon content. As for
cyclohexanone, it can be observed that for water correlates linearly with surface

silylation.
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Figure 3.7. (a) Water desorption (dark conditions) from TiGi@pen symbols), TiSi1.0 (grey
symbols) and TiSi2.1 (black symbols) measured ky3B50 crit band height divided by catalyst
mass (the lines correspond to exponential fit9)w@ter desorption constant (determined from the

exponential curves) as a function of silicon coh{er%).

3.3.4. Top illumination reactor

To compare the performance of the different catalyi® a quantitative way,
cyclohexane photo-oxidation tests were performedthi@ top illumination reactor.
Figure 3.8(a) shows the photo-catalytic formatiéieyelohexanone in mmol, for TiSiO,
TiSi1l.0 and TiSi2.1. The initial rate of cyclohexe® formation increases in the
following order: TiSi0 > TiSi2.1 > TiSil.0. At illeination times longer than 40 min,
the slope of the TiSi0 and TiSi1.0 curves decredsesto deactivation, and the rate of
cyclohexanone formation for TiSi2.1 becomes thénédg. Figure 3.8(b) shows the GC
results after 100 min of reaction for all the cgdéd, for both cyclohexanone and
cyclohexanol (in mmol). The latter was not cleadpserved in the ATR-FTIR
spectroscopic results, but in the slurry reactalatyexanol is observed, though in very
low amounts for all samples. Cyclohexanone fornmatidecreases by partial
trimethylsilylation on the Ti@ surface, but over 1.0 wt% Si the amount of
cyclohexanone formed increases again. For TiStilketone formed after 100 min of
photo-oxidation is similar to that obtained for &afiO,. The selectivity towards
cyclohexanone formation is similar, ranging betw&&nand 97%, suggesting that the

reaction mechanism is not affected by silylation.
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Figure 3.8. GC analysis of the products of cyclohexane phaddation performed in a top
illumination reactor. (a) formation of cyclohexamofin mmol) vs. time for TiSi0 (open symbols),
TiSi1.0 (grey symbols) and TiSi2.1 (black symbolshd (b) cyclohexanone (black) and
cyclohexanol (grey) in mmol, formed after 100 mfrreaction, for all catalysts.

3.4. DISCUSSION

HMDS is expected to react with the OH groups on 1@, surface, through the
equation described in Figure 3.9 [18].

CH, CH,
|
HC——Si—N——Si—CH, (HMDS)

H.C ik CH c s c
3 | ;  H | H
H H H \Si/ H 3 \Si/ 3

OH |+ OH | OH | OH OH | OH | OH | OH
N ./o\ /O+\|/O+\|/ NH \|/O+\|/O+\| /O+\|/
Ti Ti Ti Ti 8 Ti Ti Ti Ti

Figure 3.9. Expected reaction of hexamethyldisilazane (HMD&8hWiO,, producing a partially
silylated TiG, surface and ammonia.
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We provide significant evidence that indeed thisction has occurred on the
Hombikat surface. The XRF analysis proves the masef silicon on the TiQsurface,
with a range of 0 up to 2.1 wt% Si-loading, cor@sging to a maximum surface
coverage of 60%. Silane coupling on the surfadarthermore demonstrated by tHsi
MAS NMR (Figure 3.2) spectra, in which isolatedd4iSi(CH); groups were identified
for TiSi1.6. Since not all catalysts were analymsd®*Si MAS NMR, other types of
silane coupling for samples containing higher @lacontent cannot be excluded.
Silylation is confirmed by DRIFTS analysis (FiguBe3), where the presence of methyl
groups with wavenumbers corresponding to those DB on the surface is evident.
Also secondary changes in the surface propertiesimragreement with surface
silylation. TGA analysis in Figure 3.1 shows a loveenount of weakly and strongly
adsorbed water on the surface, indicating that, Ta&alysts become less hydrophilic
after the silylation procedure. This is confirmeg khe decreasing intensity of
absorptions assigned to water vibrations in the FHRIspectra (Figure 3.3).
Furthermore, from the DRIFT spectra it can be deduthat acidic-OH groups are
converted, the amount changing linearly with silicoontent (Figure 3.3(c)). The
analysis of basic-OH sites is not possible underaghplied conditions, so the possibility
of silylation of basic-OH sites cannot be fullyedlout. But knowing that (i) only ~25%
of the OH sites existing on the surface are bagicgnd (ii) the maximum coverage
with silylated species is 60 % (for TiSi2.1), aii§) @ linear relation with the amount of
acidic sites exists, we conclude that mainly acisites are silylated. It is therefore
proposed that silanes bind to the T&irface preferentially through the acidic OH sites
as demonstrated in Figure 3.9. It can be conclubatdfor TiSi2.1 the acidic-OH sites
are not fully depleted upon silylation. This is ionfant because both acidic and basic-
OH sites are involved in cyclohexane photo-oxidatias proposed in a previously
reported reaction mechanism [8]. Another factorvprting full silylation, is the
coverage of the Ti@surface with up to three hydrogen bonded wategrlapat ambient
conditions, of which some is strongly adsorbed33B,A pre-treatment at temperatures
higher than 400°C, needed for complete dehydrgkajure 3.1), was not applied in this
study, in order to prevent morphological changeas tanmaintain a comparable activity
of the samples. Summarizing, the synthesis proeedkads to a successful partial

silylation of the TiQ surface.
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3.4.1. Cyclohexanone and water desorption

The main objective of this study was to decreasesthface hydrophilicity of Ti® by
coupling hydrophobic groups on the surface and wdtite desorption of photo-
catalytically formed cyclohexanone. The polar chteaof cyclohexanone and water
molecules leads to desorption times from Ji@o an organic medium of over 30 min,
under dark conditions [9]. As desired, the cyclamone and water desorption rates
were significantly increased by silylation (Figuses and 3.7). Since the desorption
constants of both cyclohexanone and water incrdmsarly with surface silicon
content, we propose that the adsorption enthalghiede molecules on surface OH sites
decreases by the presence of neighboring silanepgroA progressive shift of the
negative band from 3630 to 3650 trwith increasing silane content (Figure 3.4),
suggesting a decrease in acid strength of the @idpgt is in agreement with weaker
product adsorption involving H-bridges.

The increased rate of desorption indicated abogadd to a lower amount of
deactivating species on the surface of catalystis miore than 1.0 wt% Si (Figure 3.4
and 3.5). This can be explained as follows. It basn previously proposed that the
main route for carboxylate formation is through tbgidation of surface bound
cyclohexanone byOH radicals [8]. The increased hydrophobicity ot tkurface
decreases the amount of adsorbed water, thus dewyethe concentration oOH
radicals formed during illumination. The smallemaaability of ‘OH radicals contributes
to the observed larger surface selectivity.

Though the cyclohexanone desorption rates are dserk and, as a consequence,
catalyst deactivation is reduced, surface silamesqul to be unstable under photo-
catalytic conditions (Figure 3.4). The negativenttén the CH deformation vibration
indicates that the silane groups are oxidized,bs&iwed in previous publications [17].
Analyzing the catalyst coating before and aftectiea (not shown), we observed that
the decomposition of the silanes from the surfacendt complete, explaining the
observed remaining positive effects. No evidence eaund for the recovery of OH
sites characteristic of the (silane-free) TiSiO genupon UV-illumination of silylated
catalysts. Perhaps the best strategy is to apphe st@able silane groups e.g. fluorine-
containing silylation agents, that have been cordil to be very stable under photo-

catalytic conditions [36].
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3.4.2. Effect of silylation on the reaction rate

In silylating the catalyst surface the number ddiable active OH-sites is reduced, so
an effect on the rate of cyclohexanone formatioexisected [22]. In Figure 3.10(a) the
initial rate of cyclohexanone formation is compatedhe rate over partially deactivated
catalysts, as determined from the tangents ofxpereential fits at t = 0 min and t = 100
min in Figure 3.8(a). The initial reaction rategi®atly decreased for catalysts with low
silane content, but at silane loadings above 1l@8fetis an increase in the initial rate of
cyclohexanone formation. The large difference itidhrate observed for TiSiO relative
to the silylated samples suggests the presencéraftzon of highly reactive sites on the
surface. These highly reactive sites are apparetiyerentially converted to Ti-O-
Si(CHs)s groups, or blocked by NHadsorption during silylation (Figure 3.3). We
conclude that these highly active sites are vesceaptible to deactivation, explaining
the large difference between initial cyclohexandoemation rate and the rate over
partially deactivated TiSiO catalyst, comparedn® silylated materials. In the following
we provide a simplified explanation for the tremdclyclohexanone formation rate over
partially deactivated surfaces, on the basis ofttéed in desorption rate constant, and
availability of acidic OH sites, taken as a measofghe photo-catalytic sites (Fig.
3.10b).

The rate of cyclohexanone formation, r in mmol/mian be described by equation
(3.1):

KeanlC

r= k N Cane™ Cane 31
t 1+ K C + K Cnong Cnon ( )

Cane™ Cane

where k (min/mmol) is the cyclohexanone formation constax the number of
available active sites (OH-groups, lowered in antolowy catalyst deactivation and
precursors for the active site formed by light \aation), Kcane Ceane (mmol/cm”) and
K cnone CCnone(mmollcrr?) the Langmuir constants and concentrations ofatyetane
and cyclohexanone, respectively. Because of thedomperatures it is assumed that the
occupancy is high, implying that the fraction ofgnsites is negligible. Two limiting
cases are considered.

When KeandCcane™> [1 + Kenondcnond, €quation (3.1) can be simplified to:

61



Chapter 3

r=Kk,N; 3.2)
When KepondCenone™>> [1 + KeanlCcand, €quation (3.1) can be simplified to:

Keanll
r= kf NT Cane™~ Cane (33)

Cnone™ Cnone

Cyclohexanone is expected to have a much strondsortion enthalpy than
cyclohexane, so the second limiting case is moatistee and considered in the
following. For simplicity we assume that on bareOJionly one set of OH sites
determines the reaction rate in steady state dondit(Nrris= N;). On a silylated
surface three types of sites are distinguishedatisd OH sites (N, OH sites with a
neighboring silane group gNand silylated inactive sites §N Nt = Ny + N, + Ng;. So

for a silylated surface [N+ N,] < Nt 1isio. This leads to the following rate equation:

KeanlC K
r= kf N1 Cane™ Cane + kf N2 Carg Cane (34)

Cnone,p Cnone K Cnoneg Cnor
For TiSiO this reduces to:

Keanl

Misio = kf NT,TiSiO Kcanﬂ (3-5)

Cnone,p Cnone

The trends in surface OH sites (N N,), assuming that the acidic OH groups
represent the active sites, and desorption cotss{pg as a function of silylation are
shown in Figure 3.10(b). The data shows for TiSi2Z\y + N,) = 0.6N; 1isio . It should,
be noted that for TiSi2.1, a surface coverage o¥% 6@as obtained and, as a
consequence, the number of OH active sites whiehnaighboring a silane group are
predominant, so N>> N; and N ~ 0.6N; sjo. For the rate of desorption of TiSi2.1 an
analogous relation holdsyds tisiz.1 = 2.3 kiesisic Which corresponds to dSone Tisiz.1 =
(2/2.3) Kenone Tisio(When kgsis constant). So Equation (3.4) for TiSi2.1 carsiveplified

to:

62



Improved performance of Tidn the selective
photo-catalytic oxidation of cyclohexane by inaieg the rate of desorption through surface siiglat

K. C
Mrisiza = K¢0.6N cane—_cane =145, (3.6)

e (1/23) KCnone,1CCn0ne

assuming that the cyclohexanone formation rate taohds the same for TiSi0 and
TiSi2.1. So the rate of cyclohexanone formatiohigher for TiSi2.1 than for TiSiO due
to the improved desorption constant, despite theredse in available active sites.
Accordingly, the available OH sites of TiSi2.1, itak into consideration that
approximately 60% of the OH groups is convertedibglation, show a higher turnover
frequency (TOF) than of TiSi0, i.e. 9.3x10min® compared to 5.6x1D min?,
respectively. The turnover numbers (TON) are 0@ @3 for TiSi2.1 and TiSiO for the
short illumination times applied here. Previous kvohas shown that TiSiO at longer
illumination times shows a TON above unity, andttfglylated) TiQ is indeed a
catalyst for the target reaction, albeit deacthgti

As stated previously, equation (3.6) applies ordytihe rate of cyclohexanone
formation at prolonged illumination times, afterialha certain amount of active sites is
deactivated. To analyze the initial rate of cyckdmone formation on TiSiO, two sites
should be considered: very reactive, rapidly deatitig OH-sites (B, and the stable
OH-sites contributing to the conversion over p#xtideactivated catalysts ¢N The
cyclohexanone formation constant fog (ks) is apparently considerably larger than for
N; (ky). This has an effect on the photonic efficiencgtedmined by the ratio of the
initial rate of product formation and the incidgaftoton flux, which is higher for TiSi0
(0.0025 mol Einsteif) than for TiSi2.1 (0.0016 mol Einstéin It should be mentioned
that in the final stages of the reaction, the phiateefficiency is higher for TiSi2.1
(0.00108 mol Einsteify, than for TiSi0 (0.00062 mol Einstél)y) the consequence of
the much lower rate of deactivation of the silythoatalyst.

In summary, the data show that a relatively higieleof silylation is required to
create improved catalysts. Two regimes can be eléfin

1) At Si content < 1.0 wt%, the rate of cyclohexamdormation follows the decrease
in available OH sites. So the improvement in cyelk@mone desorption rate constant is
not enough to compensate for the decrease in su@dgtgroups.

2) At Si content > 1.0 wt%, the rate of cyclohexamdormation increases as a result
of a further increased cyclohexanone desorptiom cahstant. Under these conditions,
the desorption rate becomes dominant and over-casapes the negative impact of the
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decrease in surface OH groups. At higher siland¢etrihe still available OH sites are

characterized by a higher turnover frequency tharotiginal free OH sites on TiSiO.
There should be an optimum trimethylsilyl loadingatt combines the increased

surface hydrophobicity, with a sufficient numberasfilable surface active sites. Based

on the data provided here, the silylation loadingudd be at least 2.1 wt%.
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Figure 3.10. (a) Initial cyclohexanone formation rate (blackmbpls) and rate over partially

deactivated surfaces (grey symbols) during photahgiic cyclohexane oxidation, as determined
in the top illumination reactor. The arrow emphasithe large difference in initial cyclohexanone
formation rate between TiSiO and TiSi0.1. (b) Pasda of acidic-OH (black) and cyclohexanone
desorption constant (grey) as a function of siliemmtent, compared with the cyclohexanone

formation rate over partially deactivated surfa@ished grey line).

3.5. CONCLUSIONS

A commercial TiQ catalyst was modified by coupling -Si(gklgroups to its surface.
The trimethylsilyl groups, which seem to react preftially with acidic-OH sites,
increase the hydrophobicity of the silylated-Ti@atalysts. Desorption rates of
cyclohexanone were increased by surface modificatamd a linear relation between
silane loading and cyclohexanone desorption ratstant was observed. Accordingly,
during cyclohexane photo-oxidation, the silylatatiatysts showed a lower tendency for
deactivation. At low silane contents, the rate wflchexanone formation over partially

deactivated surfaces decreased due to the depgndenthe number of OH-groups.
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photo-catalytic oxidation of cyclohexane by inaieg the rate of desorption through surface siiglat

However, for higher silane content (Si > 1.0 wt%je increased desorption rate of
cyclohexanone overcomes the lower number of sur@desites with relatively high
stability.

The silylated surface groups were not stable unpleoto-catalytic conditions.
Improvement of the surface modification method $thdnclude the use of fluorine-
containing silylation agents, which have been provi® resist photo-catalytic

conditions.
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Chapter 4

Combined ATR-FTIR and DFT study of cyclohexanone

adsorption on hydrated Ti@natase surfaces

The adsorption of cyclohexanone on different plgi(#80), (101) and (001)) of anatase
TiO,, with variable level of hydration, was evaluateg Density Functional Theory
(DFT) calculations. Surface hydration was foundffect the cyclohexanone adsorption
enthalpy and the calculated infrared absorptiongueacies of the preferred adsorbed
configurations considerably. A good correlation i@snd between two experimentally
observed infrared absorption frequencies at 1694 cand at 1681 cth of
cyclohexanone adsorbed on pi@etermined by Attenuated Total Reflection Fourier
Transform Infrared (ATR-FTIR) spectroscopy, and gfrencies calculated for
configurations of cyclohexanone interacting witte tf101) surface with low and
intermediate levels of hydration, respectively. Toeresponding adsorption enthalpies
of these adsorbed configurations amount to -23mddJand -37.0 kJ/mol, respectively.
In addition, DFT calculations show that cyclohexam@hysisorption on the hydrated
(100) plane of anatase yields an adsorption enthafp89.4 kJ/mol. This might be a
configuration contributing to irreversible adsoqutiof cyclohexanone known to occur
experimentally after photo-catalytic activation@fD,. Other phenomena of relevance

to irreversible adsorption are also briefly addeess

This chapter is based on the following publicatirR.Almeida, M.Calatayud, F.Tielens,
J.A.Moulijn, G.Mul (2010) submitted.



Chapter 4

4.1. INTRODUCTION

Photo-catalytic reactions are generally operategh@tn temperature, where product
desorption limitations are an issue [1]. Some ofhawve previously analyzed the
selective formation of cyclohexanone by photo-ofiata of cyclohexane over TiQ
using in situ ATR-FTIR spectroscopy. It was found that slow dpsion of
cyclohexanone from the TiGurface enhanced the formation of consecutiveigliped
products, resulting in catalyst deactivation [2]wdl carbonyl-related absorption
frequencies are always observed for cyclohexanalserbed on Ti@ surfaces. The
configuration of adsorbed cyclohexanone, and tHe of water in determining the
adsorption modes, are of relevance in designing Si®faces with improved catalytic
properties, but far from understood. Periodical €#gn Functional Theory (DFT)
calculations, can aid infrared spectral interpretat[3] and the understanding of
interactions between adsorbate and catalyst [4]l B&lculations are based on model
catalyst surfaces, which usually are very well espntative for macroscopic anatase
TiO, particles, exhibiting 95% of the surface as (1€drfaces, truncated by (001) facets
[5]. However, most commercial TiOcatalysts are nanoparticles with a variety of
surface facets and defects, like oxygen vacaneaikigh largely influence the reactivity
of the TiG, surface [6]. The large degree of hydration at atieg conditions [7,8] is
also of great importance, since the adsorption mafdea probe molecule is strongly
affected by secondary interactions [9]. It is pbksito approach more realistic
conditions in DFT calculations, by introducing adhgtion layer on the modeled TiO
surface [4].

In this study interaction of cyclohexanone with@L0(101) and (001) Ti©planes of
different hydration levels was studied by perioDIET calculations, in order to provide
further insight in ATR-FTIR spectral interpretati@and better understanding of the
adsorption configurations of cyclohexanone leadingsurface deactivation of TyO

during photo-oxidation.
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4.2. EXPERIMENTAL

4.2.1. Catalyst characterization

Solid state'H-MAS-NMR was performed on a Bruker Avance 400 $meveter,
using a 5 mm zirconia rotor, with spinning speed bfkHz. The spectral window was
25063 Hz, with 50 ms acquisition time and 15 s &itjon delay. Transmission
Electron Microscopy (TEM) was performed using a FEecnai TF20 electron
microscope with a field emission gun as the sowfcelectrons operated at 200 kV.
Samples were mounted on Quantifoil® carbon polymugported on a copper grid, by
placing a few droplets of a suspension of groumdpda in ethanol on the grid, followed
by drying at ambient conditions. The crystal latiistances were determined by Fast
Fourier Transformation (FFT) of the TEM images, ethivere generated using Digital

Micrograph 3 software.

4.2.2. Cyclohexanone adsorption reference

The photo-catalyst used in this study was Hombikstl00 TiO, (Sachtleben) of
100% anatase crystallinity (determined by XRD), sarSf 337 nf/g and a primary
particle size of approximately 5 nm [10]. The cggalwas dried at 120°C for 1 h in
static air and suspended in water at a concentratfol.5 g/L. The suspension was
treated for 30 min in a 35 kHz Elmasonic ultrasdwéth; 2 mL of this suspension was
spread on a ZnSe crystal and dried in vacuum iresicdator at room temperature
overnight. The coating obtained was dried at°’C2@r 1 h.

Thein situ ATR-FTIR setup used for the cyclohexanone adsompéxperiments, is
described in detail elsewhere [2]. Cyclohexane @9.6om Sigma Aldrich and
cyclohexanone 99.8% Fluka Analytical were used.l@y&xane and a solution of 0.05
M of cyclohexanone in cyclohexane were dried ovetdikve type 4A overnight before
use. A volume of 50 mL of cyclohexane was flownotilgh the TiQ coated ATR
crystal during 1 h by means of a series Il highfgrenance liquid chromatography
pump. After surface stabilization a spectrum wakemaas background. For the
measurement of the absorption spectrum for cyclahene, the inlet of the ATR cell

was switched from pure cyclohexane to the solubb®.05 M of cyclohexanone in
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cyclohexane. A Nicolet 8700 spectrometer equippitd & TRS N-cooled detector was
used. The measurements were done with a mirrorcitglof 1.8988 cm$ and a

resolution of 4 cil. The background and the sample spectra were aefegm 64 and

32 spectra, respectively.

4.3. COMPUTATIONAL METHODS

Geometry optimization and molecular dynamics calttahs were performed using
the ab initio plane-wave pseudopotential approach as implementékde ViennaAb
Initio Simulation Package (VASP code) [11,12]. Periodljcadpeated calculations with
the Generalized Gradient Approximation (GGA) dgndiinctional by Perdew and
Wang PW91 [13] were performed. The valence elestrwere treated explicitly and
their interactions with the ionic cores are dessdliby the projector augmented-wave
method (PAW), which allows a low energy cut off afjto 400 eV for the plane-wave
basis.

The relaxation of the anatase (100), (101) and )(@lnes used in this study, was
discussed previously [14,15]. Each surface plang egimized with different extents
of adsorbed kD, and the distribution of water layers over th®.Iplanes was based on
previous work by Arrouvel et al. [15]. Physisorbegtlohexanone is stabilized by one
or more H-bonds between the oxygen atom of cyclahere and a hydrogen atom of a
surface active site or adsorbegdHmolecule. Cyclohexanone was chemisorbed on TiO
inducing a chemical bond between a coordinativelgaturated titanium surface atom
and the oxygen atom of cyclohexanone. The unitdiellensions were determined for
each plane in order to reduce the interaction betwaedsorbed cyclohexanone with
adjacent unit cells. In Table 4.1 the charactesstf the surface planes, with variable
levels of hydration and unit cell dimensions arevat.

Geometry optimization calculations were performedhwhe conjugate-gradient
algorithm, at 0 K and at 3x2x1 k-point mesh andghsgial occupancies are set for each
wave function using the tetrahedron method withcBI@&orrections [16]. The positions
of all the atoms in the super cell as well as tb# parameters are relaxed, in the
potential energy determined by the full quantum magical electronic structure until

the total energy differences between the loopssis than 10eV.
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To explore the surface potential energy of oureaystve performed, initially, 0 K
geometry optimizations on several intuitive stagticonfigurations; the obtained
systems were used as inputs foraéninitio Molecular Dynamics (MD) study within the
micro-canonical ensemble in the microcanonical (Negproach, at T = 300 K, to scan
the possible configurations of the system. We a®red several starting configurations
(but no statistics was performed on them) and timewas stopped after= 2 ps. To
avoid fluctuations associated to the large timp steosen (2.5 fs), the mass of H atoms
was set to 3. The local minima found from Moleculaynamics results were
systematically re-optimized at 0 K, in order to iagk the absolute electronic minimum
energy for each configuration. Molecular Dynamiosrevperformed at 1x1x1 k-points
mesh with an energy cutoff of 250 eV. For both mi#ation and molecular dynamic
calculations, half of the slab was frozen and othlg upper four Ti@ layers were
allowed to relax.

Vibrational spectra were calculated, with 1x1x1difts mesh, for a limited number
of atoms within the harmonic approximation. Onlye tladsorbed cyclohexanone
molecule and its neighboring or interacting OH grown the surface were allowed to
move, while the rest of the slab was kept frozére €igenvalues of the Hessian matrix
after diagonalization lead to the frequency valudse assignment of the vibrational
modes was done by inspection of the correspondgeneectors. A scaling factor was
applied to the calculated carbonyl vibrations. Bheling factor was determined by the
ratio between the experimentally observed carbowydration (1722 crl) of
cyclohexanone dissolved in cyclohexane and theocathvibration calculated by DFT,
when the molecule is isolated. This approach isii@te for carbonyl vibrations [17].
Furthermore the scaling factor is dependent onsibe of the unit cell (Table 4.1), so
the scaling factor was adjusted for each ;Tiflane, a similar procedure was

successfully undertaken in ref [18].
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Table 4.1. Dimensions of (100), (101) and (001) unit celld applied hydration levels.

Unit cell dimensions Bare slab Hydration level
Planes .
a(®) b)) c(A) thickness(A)  (H,0 molecules/nf)
(101) 7.6 10.9 40 13.8 4.8 9.6 16.8
(100) 7.6 9.5 40 13.1 6.2 9.3 18.5
(001) 7.4 11.6 40 13.3 2.3 7.0 16.4
4.4, RESULTS

4.4.1. Catalyst characterization

Analysis of the applied commercial Ti®y X-ray Diffraction (XRD) was discussed
previously [19], showing anatase crystallinity, hvithe diffraction lines of the (101)
crystallographic phase being dominant. The bullstadline structure was also analyzed
by TEM, as shown in Figure 4.1. The sample wahé&rranalyzed by determination of
the lattice parameters, which were calculated IBast Fourier Transformation (FFT).
The most common lattice distance in Figure 4.1 edrnfgom 0.34 to 0.36 nm, which is
indicative of the presence of (101) surface expgdades [20].

” D (101)

Figure4.1. Transmission Electron microscopy (TEM) image ddtase TiQ UV-100.
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The TiG, surface is known to be very hydrophilic, being @@d with up to three
hydrogen bonded water layers [21,22]. Before det@ng photo-catalytic activity, a
pretreatment at 120°C is commonly applied. ThermaAgetric analysis in air
reported elsewhere [23], shows that only 60% ofttital amount of adsorbed water is
removed by this 120°C pre-treatment. Under cyclanexphoto-oxidation conditions,
the surface hydration is expected to be lower tharder air conditions, but
spectroscopic data clearly show the presence adrwegmaining strongly adsorbed on
the TiO, surface [2]. Furthermore, water is a byproduct tbé photo-catalytic
cyclohexane oxidation [2], and is expected to ren@isorbed on the anatase surface.
So the effect of strongly adsorbed water on the,8@face must be considered for
interpretation of spectroscopic datdd-MAS-NMR measurements on TjOunder
humid and dried conditions are shown in Figure &@der humid conditions (Figure
4.2a) mainly one narrow peak is visible, correspogpdo adsorbed D on the TiQ
surface. The fact that the peak is narrow suggastigh mobility of the protons
measured. Therefore, these are not associatedswitace active sites, but with layers
of adsorbed water on the surface. When the catayiseated to 120°C (Figure 4.2b),
the NMR signal intensity decreases and shifts 8ligto lower fields. The broader
signal obtained corresponds to either surface sitanore rigid water molecules with
restricted mobility at the surface [8].

It is known from previous publications [24], thhetsurface-OH sites of anatase 710
show'H-MAS-NMR peaks at chemical shifts of 2.3 and 6pdrp The high field peak at
2.3 ppm is assigned to basic-OH sites, where tliFdggen atom binds to a terminal
oxygen. The low field peak at 6.4 ppm corresporaishe positively charged more
acidic protons located on bridged oxygen atomsfanding weak hydrogen bonds with
adjacent oxygen atoms [24]. The position of theeekgpd OH sites in the NMR spectra
is represented in Figure 4.2b). One main peak s&fed which occurs at 5.9 ppm, a
similar position as in Figure 4.2a), correspondimgnore rigid molecules of adsorbed
water, which can be related to physisorbe®tbr Ti-H,O sites. The small shoulder
around 2.3 ppm, corresponding to basic-OH sitedicate that some of these sites are
free. The acidic-OH site is not visible, so thisess probably H-bonded to adsorbed
water molecules. Weak contributions of bridging asalated OH sites indicate that

they are either occupied by adsorbed water molscateof low expression in the
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surface. No explanation was found for the shoudd&.8 ppm, which could indicate the

presence of a different kind of surface OH sitesunface contaminant.

5.7 59

No pre-treatment b)

6.4
9.8
Pre-treatment
at 120°C
2.3
15 10 5 0 -5 15 10 5 0 5
ppm ppm

Figure 4.2. 'H-MAS-NMR of a) TiO, UV-100 with no pre-treatment and with a pre-treaitnof
120°C and b) focus on the measurement after patatient at 120°C. The grey lines correspond
to the expected position of Ti@ctive OH-sites [24].

4.4.2. Cyclohexanone adsorption — ATR-FTIR spectra

Cyclohexanone adsorption was induced by flowing cduteon of 0.05 M of
cyclohexanone in cyclohexane for two hours over Ti®@, surface. The changes in
spectral intensities are shown in Figure 4.3a. T&pectra of externally fed
cyclohexanone are similar to those obtained afalnibnditions of cyclohexane photo-
oxidation [25], which suggests that the adsorptionfigurations are similar under UV
and dark conditions. The range between 1800 an@ t6t contains a band at 1722
cm?, corresponding to the C=0 stretching vibrationdifsolved cyclohexanone, as
confirmed by the spectrum obtained in the absefitkeoTiO, coating. This study will
focus on this vibration, since it is the only cyméxanone absorption band, which red-
shifts in the presence of TjOThe two contributions at 1694 and 1681 cmworrespond
to the carbonyl vibration of cyclohexanone when ¢tdbed to the catalyst surface [2].
The isosbestic point with positive and negativetdbations at 1650 and 1615 &m
respectively, is related to a change in the comdition of HO adsorbed in the surface,

due to cyclohexanone co-adsorption. A deconvoluti@thod was applied to different

74



Combined ATR-FTIR and DFT study of cyclohexanoseration on hydrated Tiganatase surfaces

adsorption spectra, and the peak areas of the l@tsocyclohexanone bands are
presented in Figure 4.2b, as a function of adsomptime. The band at 1694 ¢nis the
most prominent; its contribution decreases withisa in the contribution of the 1681
cm?® peak (Figure 4.3b). The behavior of these two bamtiggests a slow
reorganization of cyclohexanone on the surface tdsvaa preferred adsorption
configuration, with a main absorption band at 1681". After 120 min the ratio of the

1681 cntt and 1694 cim bands is 60/40.

1694
a
) b)
. 1681 4
3 ~ '
- -
o g
=) [
S 1722 2
2 x 2
3 1615 g
o o
< - \ 1A
00— : : : : :
1700 1
1800 600 0 20 40 60 80 100 120

Wavenumber (cm™) t (min)

Figure 4.3. a) Spectrum of bulk cyclohexanone without Tihick black), spectra of 0.05 M of
cyclohexanone in cyclohexane adsorption on,T{Rackground of cyclohexane adsorption on
TiO,) for 5 min (grey) and 120 min (black), whose péakonvolution is shown in the inset; b)
Peak area profile of adsorbed cyclohexanone baatisblack symbols: 1694 cth empty black
symbols: 1681 cif).

4.4.3. DFT calculations

In order to take the effect of adsorbegtHbon the interaction of cyclohexanone with
TiO, surfaces into account, Ti@urfaces were modeled with different amounts gD H
molecules adsorbed per fims discussed in previous publications [15,26]Table 4.2
the structures of the (100), (101), (001) Ti€urface planes, with different extents of
water adsorption, are shown. The lowest hydratewrell includes only chemisorbed
H,O molecules. The second hydration level includegsisorbed (H-bonded) 4@

molecules on surface OH sites, and the highestaltigdr level contains an adsorbed
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water layer. The adsorption energy of a water maée¢E,, ; .., in kd/mol) on each

surface plane and at a specific surface hydratsoshiown in Table 4.2. This was

calculated according to the following equation:

EHZO,ads - Ehydnslab_ E paresias™ N H E HC (4.1)
nHZO
with E,, ... corresponding to the calculated energy of the Wdedhydrated) slab,

Eiyar sap 1O the energy of the hydrated slab, , to the energy of one gas-phase water
molecule at its equilibrium geometry amg ., to the number of water molecules added

to the unit cell at each hydration level. The negatalues presented in Table 4.2,
indicate that the adsorption step is exothermic.

Water chemisorbs on the (100) surface plane atrages up to 6.2 molecules/nmz,
Some water molecules dissociate on free Ti sitelscanbridging Ti-O-Ti sites of bare
(100) surface, with the formation of Ti-OH sitesdamridging Ti-OH-Ti sites,
respectively. Undissociated water molecules chernism free Ti sites and form Ti-
H,O sites. Free Ti-O-Ti sites are also present atdivest hydration level. Increasing
the water coverage to 9.3 molecules/nmz2 leads terwahysisorption on the bridging
Ti-O-Ti sites, with a HO adsorption energy of -61.7 kJ/mol. The formatbma layered
H,O network is induced at surface hydration levels 8.5 molecules/nm?
characterized by similar affinity of water to thaface, of -61.0 kJ/mol.

On the (101) plane, water chemisorbs without disdimn up to a surface coverage
of 4.8 molecules/nm2. For this coverage, an adgorpgnthalpy of -65.7 kJ/mol was
determined with the formation of only Ti,8, leaving bridging Ti-O-Ti oxygen sites
still free on the surface. A surface hydration @ase to 9.6 ¥ molecules per nm
induces molecular physisorption 0f®, H-bonded to Ti-O-Ti and neighboring Tiy®l
sites [26]. A decrease in adsorption enthalpy @¢5KJ/mol) is observed at higher
hydration levels, where a multilayer of adsorbedews formed.

The (001) surface plane in its bare state (OH fomgijtains Ti-O-Ti sites with the
oxygen atom at a higher plane than the Ti atom@nUpydration one of the Ti-O-Ti
bonds breaks and two Ti-OH sites are created. €fettwo new OH sites, one contains

an oxygen atom originally from the TjQattice structure. Under low surface hydration
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(2.3 molecules/nm?), the created Ti-OH sites areoHeed, and free Ti-O-Ti sites are
still present [15,26]. On this Tiplane the energy for dissociative water chemisompt
is much higher (-184.7 kJ/mol). At a surface hyidratevel of 7.0 molecules/nm2,8
physisorption occurs, with 4@ molecules H-bridging on the Ti-O-Ti sites, and a
reduction of the KD adsorption strength to -97.4 kJ/mol. The formatd H,O multi
layers on the surface, at coverages of 16@ Holecules per nfris characterized by

an adsorption energy of -72.6 kJ/mol.

Table 4.2. Adsorption energies of 4 on TiQ, (100), (101) and (001) at different hydration

levels.

(101) (001)

Structures

Hydration
(H,O/nnt)
Energy
(kJ/mol)

Structures ;!’v
11 A

.”SH

Hydration

(H,0/nnt)
Energy
(kJ/mol)

Structures

Hydration
(H,0/nnt)

Energy ) ) )
(kd/mol) 61.0 57.1 72.6

18.5 16.8 16.4
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For each surface plane at a specific surface hpdralkevel, the energy of

cyclohexanone adsorptioric( in kJ/mol) is calculated according to the follogi

none,ad¢

equation:
ECnone,ads: E Cnone,hydr.sla? E hydr.sl&) E Cn (4-2)
With B¢ e nyer. s COTTESPONding to the calculated energy of cyclahexe adsorbed on

a hydrated slabE, , .., the energy of the hydrated slak,,. the energy of the

isolated cyclohexanone molecule at its equilibrigegometry with one cyclohexanone

molecule per slabr{,,..= 1). The energy of adsorption of cyclohexanonaifierent

(100) TiG; active sites was calculated, and is shown in Talde

Depending on the surface plane and degree of hgdratifferent active sites will be
available for cyclohexanone adsorption. For Ji(100) surface, three different
adsorption sites can be considered, and each nedlent a different adsorption enthalpy
for cyclohexanone. Also a chemisorption configunatcan be considered, but this was
not included in the Boltzmann distribution calcidat The population in the
physisorbed configuration of greatest weight degema the energy of state according
to the Boltzmann distribution. For example, thehaoility of configuration | in Table

4.3, is given by the following relation:

_ _ expl ——-
Configuration | _ RT
Configuration i 5 ( E, J

expl ——-

4.3)
RT

with i corresponding to all the cyclohexanone phggbed configurations (1, 1l and IlI).
For low surface hydration (6.2,8 molecules per nththree different physisorption
sites are available, the basic-OH, acidic-OH an#i 0 sites, while chemisorption may
occur in the presence of free Ti sites. At roompgenature, physisorption on the basic-
OH of higher adsorption enthalpy (-48.8 kJ/mol) Iviie energetically favored: the
calculations show that 98.3 % of the physisorbetémdes have this configuration. The

other adsorption configurations, due to their lowtyability can be neglected.
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For 9.3 HO molecules per nfthree possible physisorption configurations can b
considered, physisorption on T8 sites, basic-OH, and an adsorbe®Hnolecule. In
this case the preference is towards adsorption TR0 site, with an extra H-bond to
a neighboring adsorbed molecule (-89.4 kJ/mol)tardther adsorption configurations
can be neglected. So the active sites of preferatiderption depend on the hydration
level. Cyclohexanone adsorption on the (100) Tjane is enhanced at intermediate
hydration levels (9.3 ¥0 molecules per nfjy where the adsorption enthalpy of -89.4
kJ/mol is considerably larger than thgQHadsorption of -61.7 kJ/mol.

At higher hydration levels, direct physisorption ofclohexanone on the (100)
surface is not favored, with the molecule beinghgasaway from the surface towards
to top of the HO layer. Therefore only one physical adsorption figumation is
possible, which is on the adsorbegHayer of -34 kJ/mol.

The occurrence of cyclohexanone chemisorption gigible, because its enthalpy,
which ranges from 15 to 50 kJ/mol, depending onhydration level, is lower than the

enthalpy for HO chemisorption (-68.5 kJ/mol).
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Table 4.3. Energies (kJ/mol) of cyclohexanone physisorption ahemisorption on the (100)

TiO, plane at increasing surface hydration, and theesppnding configurations. The probability

of the physisorption configuration is determineddzhon the Boltzmann distribution equation at

25°C. The preferred configuration at each hydraliwel is highlighted with a box.

Physisorption Chemisorption
Hydration I Il Il A%

6.2 HO/NN? £ )
OH site Basic OH Acidic OH Ti-+O Free Ti
Energy -48.8 kJ/mol -39.2 kJ/mol -29.3 kJ/mol  -1kJZmol

Distribution 98.3% 1.7% 0.0% 0.0%

9.3 HO/nnt RN

7 ,'_', n

OH site Ti-HO Basic OH HO ads. Free Ti

Energy -89.4 kJ/mol -70.9 kJ/mol -34.6 kJ/mol  -5kJ4mol
Distribution 99.9% 0.1% 0.0% 0.0%

18.5

HZO/an

OH site HO ads.

Energy -34.0 kJ/mol
Distribution 100.0%
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The calculated energies for cyclohexanone physisor@and chemisorption on the
(101) TiG, plane are summarized in Table 4.4, for differedterts of water adsorption.
Cyclohexanone physisorption on the (101) plane Wit H,O molecules per nm
occurs on the only available active site, TicK with a relatively weak interaction (-
23.5 kJ/mol). At a higher hydration level (9.6®nn?), the presence of neighboring
adsorbed BED molecules allows for further stabilization of yleexanone physisorption
by H-bonding (-37.0 kJ/mol). Direct physisorptiohayclohexanone on a Ti(active
site at 16.8 KO molecules/nfis not favorable, with the cyclohexanone molecules
being pushed away to the top of the water layeereflits adsorption is most stable (-
62.1 kJ/mol).

The energy for cyclohexanone chemisorption was roeted for the lowest
hydration levels only, at high hydration levelsnias not favorable. Chemisorption of
cyclohexanone shows enthalpies in the same rangwer higher than physisorption
configurations. However chemisorption is possibié/an the presence of a Ti free site,
or when the energy for cyclohexanone chemisorgtidarger than water chemisorption
in this plane (-65.7 kJ/mol). A free Ti site at Buzonditions will not be preferred due to
the high hydration level and cyclohexanone cherpison is not strong enough to
displace HO chemisorbed on the surface, so chemisorptionigunaftion can be

neglected at either hydration level.
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Table 4.4. Energies (kJ/mol) of cyclohexanone physisorption ahemisorption on the (101)

TiO, plane at increasing surface hydration, and theesppnding configurations. The probability

of each surface configuration is determined basethe Boltzmann distribution equation at 25°C.

The preferred configuration at each hydration lésdlighlighted with a box.

Hydration Physisorption Chemisorption
4.8 HO/nnt
OH site Ti-HO Free Ti
Energy -23.5 kd/mol -48.9 kJ/mol
Distribution 100.0% 0.0%
9.3 HO/nnt
OH site Ti-HO Free Ti
Energy -37.0 kJ/mol -31.2 kJ/mol
Distribution 100.0% 0.0%
'
16.8 HO/nnt
OH site Ads. HO
Energy -62.1 kJ/mol
Distribution 100.0%
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The calculated energies for cyclohexanone physigor@mnd chemisorption on the
(001) TiG, plane are summarized in Table 4.5, for differedtemrts of water adsorption.
For low surface hydrations (2.3,8/nnf), cyclohexanone can physisorb on a Ti-OH
site or chemisorb on an existing free Ti site. [gyeior physisorption is very weak,
below -20 kJ/mol, but the chemisorption energy assiderably high (-78.8 kJ/mol).
The (001) plane at low hydration level containeff@d active sites, so chemisorption
will be the preferred configuration. However suabwl hydration levels are not
expected, as demonstrated ¥+MAS-NMR (Figure 4.1). At higher hydration level
(7.0 HO/nnf) no free Ti sites are in the surface, and stratepeption of water (-184.7
kJ/mol, Table 4.2) is favorable. At these condisiohl-bridging of cyclohexanone to
adsorbed BD molecules is the preferred configuration, but dldsorption enthalpy is
very low (-12.4 kJ/mol).
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Table 4.5. Energies (kJ/mol) of cyclohexanone physisorption ahemisorption on the (001)
TiO, plane at increasing surface hydration, and theesppnding configurations. The probability

of each surface configuration is determined basethe Boltzmann distribution equation at 25°C.

The preferred configuration at each hydration lésdlighlighted with a box.

Hydration Physorption Chemisorption
‘ {
2.3 HO/nn? B, Sop;
3 Hom Ny
r"-l-’;n-’..-l
YT LISTLISTT)
OH site Ti-OH Free Ti
Energy -19.6 kJ/mol -78.8 kd/mol
Distribution 0.0% 100.0%
7.0 HO/nnt
OH site
Energy -12.4 kJ/mol
Distribution 100.0%

4.4.4. ATR-FTIR vs. DFT calculations

The wavenumbers of the vibrations calculated by RFF usually overestimated, so
in order to compare with experimental IR specttasicommon practice to apply a
‘scaling factor’. In Table 4.6, the scaling factapplied for the calculated carbonyl

vibrations for each surface plane, are presented.
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Table 4.6. Scaling factor determined by the ratio between eéRperimentally observed free
carbonyl vibration (1722 ci) and the carbonyl vibration of an isolated cychdrene molecule

calculated by DFT, for each unit cell.

Frequency (ci) Scaling Factor
(100) 1738 0.990
(101) 1728 0.997
(001) 1746 0.986

In Figure 4.3, the calculated spectra of the preteradsorbed cyclohexanone
configurations on the (100) plane with differentfane hydrations, are compared with
the spectra of cyclohexanone adsorbed on,Ti@ measured by ATR-FTIR
spectroscopy. The spectra calculated for cyclohexarphysisorption, show carbonyl
vibrations in the region of the experimentally atvsel vibration at 1681 cim The
redshift of the peaks is not proportional to thesagtion strength. The calculated
spectra of physisorbed cyclohexanone on,TiM0) with 9.3 HO molecules per nfn
matches best the experimental IR adsorption spactithis absorption occurring at
higher wavenumbers (1685 &jn showed the strongest adsorption enthalpy, -89.4
kJ/mol. Cyclohexanone physisorption on (100) phaita low and high hydration level,
occur redshifted in regard to the peaks of the expntal reference. The calculated
spectra of chemisorbed cyclohexanone on (100) plaite low and intermediate
hydration level occur at 1682 and 1591trespectively, but are not shown due to the

low probability of these configurations.
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1800 1700 1600

Wavenumber (cm™)

Figure 4.3. Adsorbed cyclohexanone reference spectrum, mehsiyr & TR-FTIR spectroscopy
(thick black spectrum), and the spectra of cyclaimexe physisorbed on a (100) 7i®@ith 6.2
H,O molecules/nih (thick black line), with 9.3 LD molecules/nfh(thick grey line) and with
18.5 HO molecules/ni(thin black line), as determined by DFT calculagio

The spectra of the most stable configurations afahyexanone adsorption on (101)
TiO,, for each hydration level are represented in Eighet. The calculated carbonyl
vibrations for cyclohexanone physisorption on lawd antermediate hydration levels are
centered at 1690 and 1679 tmwhich gives a good correlation to experimentally
observed peaks (1694 and 1681 %niThe band of cyclohexanone physisorption on
(101) with 16.8 HO molecules/ni hydration level, absorbs at lower wavenumbers
(1672 cnt) and does not describe the experimental spectrgclofBexanone
chemisorption on (101) plane with low and interna¢eld hydration levels show
absorption bands at 1679 and 1672'cnespectively, but this kind of configuration is

not expected to occur on the surface due to theimprobability.
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1800 1700 1600
Wavenumber (cm™)
Figure 4.4. Comparison between an adsorbed cyclohexanoneeneferspectrum, measured by
ATR-FTIR spectroscopy (thick black spectrum), amel $pectra of cyclohexanone physisorbed on
a (101) TiQ with 4.8 HO molecules/ni(thick black line), with 9.6 KD molecules/ni(thick
grey line) and with 16.8 $0 molecules/ni(thin black line), as determined by DFT calculatio

The calculated spectra of cyclohexanone physisorin (001) Ti@, show carbonyl
vibrations centered at 1698 and 1682'cnThe former band, of cyclohexanone
physisorption on (001) plane with 7.Q® molecules/nf is blue shifted in respect to
the experimental spectra. Though the band at 1882 @ccurs in the region of the
experimental spectra, the adsorption enthalpiesardow (-19.6 kJ/mol) to consider
this plane. Cyclohexanone chemisorption on (00&h@lwith 2.3 HO molecules/nth
also absorbs at 1682 mbut given the high chemisorption energy of waiarthe
(001) surface (-184.7 kJ/mol), the presence of fresites is unlikely and so is this

configuration of cyclohexanone chemisorption.
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4.5. DISCUSSION

4.5.1. Structure and level of hydration of the J#Orface

Before discussing the conformational modes of dubryclohexanone, we will first
address the selection of the surface planes thed ted&en into consideration. TEM
imaging showed that the most common crystallineglaf the anatase catalyst under
study (Hombikat UV100) is the (101) plane. HowevEEM should be considered as a
bulk technique and other less abundant crystaleglamay not be clearly resolved.
Based on literature data, the planes (100) and)(@@te therefore also considered in
the DFT calculations. Besides the nature of thefasar exposed planes, also the
respective degree of hydration of these planesniportant in determining the
interaction with cyclohexanone. THd-MAS-NMR study (Figure 4.2) suggests that the
catalyst representative for photo-catalytic coneersof cyclohexane contains rigid
water molecules on the surface. These can be assignphysisorbed 4 or isolated
Ti-H,0 sites. Three levels of hydration were therefadeh into consideration in the
DFT calculations, i.e. in the ranges of 2-6, 7-46d 16-18 KO molecules pennt, the
exact value depending on the respective exposatiatlane.

When evaluating subsequently by DFT the modes tafraction of cyclohexanone
with the hydrated surfaces, several sites werentake consideration (depending on the
exposed surface planes these can range from abukto sites), of which usually one is

highly preferred. This is further discussed in hidowing.

4.5.2. Spectral interpretation

In scheme 4.1 the spectrum of cyclohexanone addarbeliG; is again shown. The
presence of two bands assigned to adsorbed cycober (at 1694 and 1681 ¢yrcan
originate from different phenomena. First, cyclodmesne might be chemisorbed in
certain surface sites, and physisorbed in othdacgirsites of the same crystal plane. A
very important conclusion is that the DFT calculat show that chemisorption of water
on all evaluated Ti-sites is much more favorablntobhemisorption of cyclohexanone.
Therefore cyclohexanone chemisorption can be digchras well as this explanation

for the presence of two IR bands of adsorbed cygolahone. Another possibility to
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explain the presence of two absorption bands i$ pHesisorption occurs on two
different sites. As stated previously the strengihsyclohexanone physisorption on
different available active sites (of similar lewdlhydration) showed a strong preference
towards a specific site with a probability of piaatly 100%, so also this explanation is
not very likely. This leaves two additional expldoas for two modes of
cyclohexanone adsorption, i.e. i) the adsorptionddferent exposed planes, or ii)
adsorption on the same plane, which consists ofragp areas of different levels of
hydration. The first option is not very likely, sethe TiQ (001) plane interacting with
physisorbed cyclohexanone yields very low enthali®-20 kJ/mol, Table 4.5), which
does not agree with the long desorption times alskeexperimentally [23,25]. So this
plane, if present in the commercial BiGurface, should hardly contribute to the
experimentally observed spectra. The best coroglatbund for the experimentally
observed spectra and the calculated values isngutdor the same plane, i.e. the (101)
plane, taking into account two local levels of hatilyn. Although the hydration level is
expected to be constant considering the ,T$Orface globally, the local presence or
absence of homogeneously spread physisorbed watguce the two observed
cyclohexanone configurations, as shown in SchemeThe calculated bands are within
4 cm' of the experimental bands, which is a reasonate éor DFT. Cyclohexanone
adsorption on a Ti-pD active site is of lowest enthalpy (-23.5 kJ/malpd also of
lowest infrared redshift (1694 ¢th When the Ti@ hydration level is slightly higher,
the adsorption of cyclohexanone on a TEHsite is stabilized by a neighboring
adsorbed HO molecule inducing a higher adsorption enthal@7@ kJ/mol) and
consequently a larger IR redshift (1681 9niThe latest configuration is preferred, but
is limited by the presence of adsorbegDHnolecules. So, it can also be concluded that
TiO, at experimental conditions exhibits a hydratiovelebetween 6 and 9.8/nnft,
and the free sites available on the surface aregily Ti-H,O sites.

In previous work the desorption kinetics of photdatytically formed cyclohexanone
was studied [25]. Besides reversible adsorptiorcyaflohexanone, also irreversibly
adsorbed cyclohexanone was observed. This is rayt teaexplain based on the DFT
data presented here. Irreversible cyclohexanonerpiisn cannot be explained by
chemisorption, which is not favorable in the preseof surface hydrated sites. At the
same time, even though this surface plane is npéraxentally observed, the (100)

plane shows very strong physisorption energies ydlobexanone (Table 4.3),
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especially at hydration levels of 9,® molecules per nfr(-89.4 kJ/mol). Furthermore
this mode of adsorption would lead to an absorptiand 1685 cif, which is observed
experimentally. Unfortunately, irreversibly adsatbeyclohexanone also induces an
absorption band at 1694 &mwhich at present is not completely understooche®t
effects may be influencing adsorption modes of @yekanone, like the existence of
surface defects, common in TiGatalysts or an increased surface hydrophiliciysed

by UV illumination [27,28]. However, consideratiofithese phenomena would require
additional advanced DFT calculations. We can caitelbased on the presented results,
that in order to improve cyclohexanone desorptionm cyclohexane photo-oxidation,
the TiO, catalyst should present preferentially the (104posed plane, and a low

concentration of surface defects.

1694
1681
1800 1700 \ 1600
Wavenumber (cm™)
-24 kJ/mol -37 kd/mol
i /H '
/O\ O\ ’,/’O\\
// N “ H N
Ho H  H_ H H_ H
N % AN N
o @] o] @]
TiO2 (101)

Scheme 4.1. Spectral interpretation of weak cyclohexanone gatgm on (101) TiQ plane with

different local hydration.
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4.6. CONCLUSIONS

To understand the IR features of cyclohexanonerptiea on anatase TiQdifferent
DFT calculations were made, namely related to @aoyption and chemisorption of
cyclohexanone on different adsorption sites of §1@001) and (001) Ti@surfaces,
with different levels of surface hydration. A goodrrelation was found between the
adsorbed cyclohexanone infrared spectra, obtainedTR-FTIR spectroscopy, and
cyclohexanone physisorption configurations on tA®1j surface with low and
intermediate hydration levels. The adsorption eiesrgf these configurations are -23.5
kdJ/mol and -37.0 kJ/mol, which account for 60% a4@P6 of the TiQ surface,
respectively. Stronger adsorption of cyclohexanoméld to some extend be related to
cyclohexanone physisorption on hydrated (100) dawéh a calculated adsorption
enthalpy of -89.4 kJ/mol. However, the influencesafface defects and surface sites
modified by UV illumination, not considered in tpeesent study, may also contribute

to strong cyclohexanone adsorption.
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Chapter 5

Cyclohexane photo-catalytic oxidation over 7i@ novel

interpretation of temperature dependent performance

The rate of cyclohexane photo-catalytic oxidatiorcyclohexanone over anatase JiO
was studied at temperatures between 23 and 6096 $itu ATR-FTIR spectroscopy,
and the kinetic parameters were estimated usingiaokmetic model. At low
temperatures, surface cyclohexanone formatiomrmgdd by HO desorption, limiting
cyclohexane adsorption, rather than previously mssucyclohexanone desorption. Up
to 50°C, the activation energy for photo-catalytic cy@shnone formation is zero,
while carboxylates are formed mainly by the diregtdation of cyclohexane, with
activation energy of 18.4 + 3.3 kJ.rfolAbove 50°C, significant (thermal) oxidation of
cyclohexanone contributes to carboxylate formatiorhe irreversibly adsorbed
carboxylates lead to deactivation of the catalgst] are most likely the predominant
cause of the non-Arrhenius behavior at relativéijhlreaction temperatures, rather than
previously proposed cyclohexane adsorption linotadi The results imply that
elevating the reaction temperature of photo-catalgyclohexane oxidation reduces

selectivity, and is not a means to suppress catdgectivation.

This chapter is based on the following publicati&rR.Almeida, R.Berger, J.A.Moulijn, G.Mul
(2010) submitted.
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5.1. INTRODUCTION

The photo-catalytic oxidation of cyclohexane tolopexanone over TiQcatalysts is
a potential substitute for the commercially applidaut intrinsically inefficient
cyclohexane oxidation process [1]. BiCatalysts show a high selectivity towards the
formation of cyclohexanone [2], but are also knawrsuffer from deactivation due to
formation of strongly adsorbed carboxylate spef3es]. Previously, we have analyzed
the TiQ, surface byin situ techniques, and we proposed that slow desorption o
cyclohexanone induces the formation of these destatg species at room temperature
[6].

Few studies have analyzed the effect of elevategbéeature on the behavior of the
photo-catalyst, which might be a means to stimutgtdohexanone desorption, and thus
prevent extensive over-oxidation to carboxylated #re accompanying deactivation.
Herrmann et al. [7,8] concluded that the reacticas wot limited by adsorption or
desorption steps in the temperature interval 05623z, where the activation energy was
estimated at 10.5 kJ/mol. Product desorption aadta@t adsorption were proposed to
be limiting reaction rates at lower (< 23°C) andgher temperatures (>55°C),
respectively. Unfortunately, their kinetic study svhased on the analysis of bulk
concentrations only, not considering details of fawe chemistry and catalyst
deactivation.

In this work, a diamond ATR-FTIR cell was used tm photo-catalytic cyclohexane
oxidation at different temperatures, and to evaiénhancing temperature is a means
to prevent carboxylate accumulation and catalysactieation. Furthermore, the
activation energy of cyclohexanone formation ande tHesorption energy of
cyclohexanone from the anatase Tirface were evaluated on the basis of the data
and a microkinetic model. This has led to a noweérpretation of the temperature
dependent performance of TiGn cyclohexane photo-oxidation, which will be

extensively discussed.
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5.2. EXPERIMENTAL METHODS

A Specac Golden Gate ATR accessory with a diamatetrial reflection element
(IRE) was coupled to a Thermo Nicolet 8700 specétem The diamond IRE has a 2x2
mm surface and exhibits three internal infrareteadions. The top plate of the Golden
Gate ATR accessory can be heated and the tempeiattine cell was measured by a
thermocouple. The home-made ATR cell has a diam@tédr2 cm, a height of 1 cm,
and is sealed by a quartz window on top, whichvaldor UV-illumination. An extra
pyrex window was placed over the quartz window rideo to cut off low wavelengths
(A < 275 nm), emitted by the UV source [2].

The photo-catalyst used was Hombikat UV100 ;T {Sachtleben) of 100% anatase
crystallinity. After drying the Ti@catalyst for 1 h at 120°C, a suspension of 2.7 rhg/m
of TiO, in distilled water was prepared and sonicated3fdmin. The catalyst coating
on the diamond ATR crystal was prepared by plaeirtguL droplet of the suspension
on the crystal, followed by evacuation of the agilh an 82 mbar membrane pump,
while slowly elevating the temperature to 40°C. Bhene procedure was repeated two
more times, until a coating of Tirovering the complete surface of the crystal was
obtained. The coating was dried and evacuated@CLfbr 30 min and cooled down to
the required temperature for the respective exmmrima The experiments were run at
23, 30, 40, 50, 55 and 60°C. After each experirtlemtcatalyst was removed from the
Diamond crystal and a new Tj@oating was prepared. The photo-catalytic teste we
performed with cyclohexane of 99.0% purity from 18a Aldrich, dried over Molsieve
(type 4A) overnight to remove traces of water. Elgelohexane was saturated with O
by bubbling dry air at 7.65 mL/min flow, and intrazkd in the ATR cell with a syringe
filling almost the entire inner volume of the cell.

For the analysis a TRS,Mooled detector was used applying a rapid scanenadd
8.8617 cm/s. The first step of the experiment iadiof recording 500 scans (1.2 min)
in the dark followed by 850 scans (2 min) undamilnation, and measurements in the
dark for 20 min. The initial 500 scans in the desse used to calculate the background
spectrum, while spectra measured during illumimagiod in subsequent dark conditions
were obtained by averaging 25 scans. These spegrasent a time interval of 3.5
seconds. A 150 W Xe illumination source was shigldg a Uniblitz Shutter (with a

VCM-D1 controller), equipped with a diaphragm whiobpens or closes in
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synchronization with the infrared measurement. H®yachronization between the
spectrometer and the shutter was achieved by a-nwmde Labview method.

A deconvolution method of the Omnic 7.3 softwarenir Thermo Scientific was
applied for all spectra between 4000-3010"camd between 1880-1475 ¢mwith a
fixed number of IR bands, for the integration oé thpectral contributions of water,

cyclohexanone and carboxylate, respectively.

5.3. THEORETICAL METHODS

A microkinetic model describing the kinetics of fyltexane photo-oxidation was
developed, and, together with a simple batch reaotodel, implemented in the
software package Athena Visual Studio. The diffosime of cyclohexanone over 2
pum, which is the penetration depth of the infrarediation, considering a diffusion
coefficient in the order of TOn"/s, was estimated to be a few milliseconds. Theeefo
all diffusion and mass transfer limitations can reglected. The microkinetic model
was developed based on the reaction mechanism dbhmxane photo-oxidation
proposed previously [6], which is presented in Suhe5.1. The scheme contains
cyclohexane photo-oxidation to cyclohexanone, am& fonsecutive paths of
cyclohexanone desorption. The formation of strorafgorbed carboxylate species is
included as a consecutive oxidation of adsorbedbbgxanone, as well as via a direct
route from cyclohexane. While carbonates have aften been observed as a surface
adsorbed species during photo-catalytic cyclohexadi@ation, we have not taken this
into consideration because of the relatively sralitribution of these species in the
limited time of exposure to light. For simplicityné due to lack of spectroscopic

evidence, intermediates for cyclohexanone formatiere not considered in the model.
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0 0
Rate 1, Ea Rate 4, Eaue
— = —_—
hV, O:
ads ads bulk
Rate 2
hV Ea:
O
Rate 3, Eas V4
hv, O RC AN
e OH ads

Scheme 5.1. Applied simplified reaction mechanism of the cy®aane photo-oxidation.

Table 5.1 shows the reaction steps and the comegpprate equations considered in
the microkinetic model together with the continugiguations required for the reactor
simulation and fitting of the experimental dataeThte of the cyclohexanone formation
is described by a kinetic equation with a react@mmstant k the occupancy of

cyclohexane on the surfac@(,) and the oxygen concentration,JODue to the low

conversion, up to only about 0.6%, the oxygen cofvegion was assumed to be
invariable and for simplicity the reaction ordettlwiespect to oxygen was set at unity.
Since the time for desorption of cyclohexanonedrkatonditions is known to be in the
order of minutes [9,10], the cyclohexanone desomtiate was considered to be
limiting, as shown in Table 5.1 by reaction 4. Tted forward rate of reaction 4 equals
the rate of cyclohexanone desorption minus theaftgclohexanone adsorption, and is
a function of the cyclohexanone desorption constkptthe cyclohexanone surface

occupation, 8., the cyclohexanone Langmuir constangs, the cyclohexanone

concentration in the bulk, Gho, and the fraction of free site®} . While still adsorbed,
cyclohexanone can be further oxidized, especiallythie presence ofOH radicals
(Reaction 2). This reaction results in a varietypadducts that have been identified by
in situ ATR-FTIR spectroscopy as carboxylate species.skoplicity it is assumed that
only the simplest carboxylate moleculeglfz,0,) is formed, which is irreversibly
adsorbed on one active Ti@ite. Reaction 2 is described by its reaction tzoris k,
and the surface occupation with cyclohexanolg,,. Reaction 3 describes an
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alternative path of carboxylate formation, whichtlie direct oxidation of adsorbed
cyclohexane in the presence of @&d'OH radicals.

The temperature dependency of the reaction ratetaots is described using a

PR,

modified Arrhenius expressioR; ; =k; exp{_E""'i ( 1 1 )} [11], which avoids a
ref

strong correlation between the rate constants #ed arctivation energies. In this

equation, ke is the rate constant of any of the four reacti@tsthe reference

temperature, [I; and E; is the corresponding apparent activation energh®feaction.

The reference temperaturgis 296 K.

The total number of active sites{)Nvas determined by NHTPD [2] to be 4.9x18
mol per mass of catalyst used, and it is assutmaidthis number is constant. During
the photo-catalytic oxidation the TiCatalyst is occupied by different products, as
described in the site balance. The adsorption dbbgxane and }0 are assumed to be
at equilibrium at all times. The initially adsorbé4O molecules are considered as
spectators, occupying TiOactive sites and reducing the surface occupatidgh w
cyclohexane.

The adsorption equilibria of cyclohexane andOHare assumed to follow the
Langmuir isotherm with the adsorption constangg.land K,,o , respectively. Since the
adsorption entropy and enthalpy are assumed toohstant in the temperature range

covered in the experiments, the temperature depegdef the adsorption constants is

. —AH, (1 1 .
expressed using; ; =K, ;. exp T T with the reference temperature

ref

Tt SEt at 296 K.
The consumption rate of the reactant and the foomattes of the products follow
directly from the reaction rates considering thltoumber of active sites gNand a

reactor volume (¥) of 1.1x10° m®

. In order to fit the IR experimental results, two
calibration factors had to be incorporated in ttadel, to relate the cyclohexanone and
H,O concentrations to their IR peak areas f:nuUnfortunately, it is not possible to

obtain these calibration factors by a direct meamant since the total amount
adsorbed, expressed in moles, is always negligitnlgll compared to the amount in the
bulk. Therefore these calibration factors had toifmuded in the model as fitting

factors. The adsorbed band of hexanoic acid waspaced to the adsorbed band of

98



Cyclohexane photo-catalytic oxidation over TiO,: a novel interpretation of temperature dependent performance

cyclohexanone (not shown) and the first was ardwadtimes larger than the second,
so the calibration factor of carboxylates was settveo times the value for the

cyclohexanone. The temperature dependency of thigemxsolubility in cyclohexane

[12,13], has been taken into account.

The 14 kinetic parameters, consisting of 4 ratestaots, 4 activation energies, 3
adsorption constants, 3 adsorption enthalpies,Z2andlibration factors, were obtained
by minimization of the sum of the squared diffefhbetween the experimental and the
simulated responses. The adsorption enthalpiesydbltexanone and # on TiG
were previously estimated by Density Functional argg(DFT) calculations [14]. The
adsorption enthalpy of cyclohexanone on a dry,T$Orface was estimated to be -24
kJd/mol, while on hydrated surfaces a value of -3fol was calculated [14]. The
adsorption energy of water on Ti®@aried between -57 and -67 kJ/mol, depending on
the extent of hydration [6,14-17]. Initial gues$escyclohexanone and @ adsorption
on TiG, of -37 and -65 kJ/mol were included in the modad ghese values were not
allowed to vary more than 20 kJ/mol from the iditiess. The following weighing
factors in the microkinetic model were applied tonmpensate for the differences in the
orders of magnitude of the infrared responses:rhgsocyclohexanone (cht 1.0; bulk
cyclohexanone (ci): 0.005; carboxylates (chr 0.3; and HO (cmi®): 0.05.

In the investigation two alternative models werensidered, one involving the
adsorption of cyclohexanone being at equilibriumalhttimes, and another assuming
that the’OH radical concentration is proportional to the evatoverage instead of a
constant value. Although both models showed an silraqually good fit, they were

disregarded based on physical grounds and avaikablledge in literature [9,10].
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Table5.1. Microkinetic model

Reactions

Equations

1)

Cyh*+0; U [] 3 CyhO*+H,0*

2)

CyhO*+ OHO . GH,,0, *

3)

Cyh*+0O, +" OHO - G H,,0, *+H,0*
4)

CyhO* > CyhO + *

Adsorption equilibria

Cyh +* (D_ﬁ* Cyh*

H0* L H0 +*

Site balance

Rates of product formation
(mol.m?3s?

Rate of formation of carboxylates
species (9

rate 1= kB[ Q]

1.0x1G) 1 1
k; =K, 06€Xp —E ———
v p( at 8.314](T 293

rate 2= kB0

1.0x1G) 1 1
k, =K, ..exp —E ——
2 T2 p( a2 8.314](T 293

rate 3= k6., [ Q]

1.0x1G) 1 1
k; =K, 08X —E -
8 e ‘{ 23 8.314 J(T 293

rate 4= kB0 — K KeynoCopn *

1.0x1G) 1 1
k, =Kk, ,0s€Xp —E ———
4 A p( ad 8.314]( T 293

1.0x16) 1 1
Kepn =K Cyhz%eXp(_AH Cyh,adwj(.r_zgg

0
with K, = —2"
" [cyn|e*
10x1G) 1 1
KHzo =K HzozgeeXp(_AH HO.ads g 39 4 j(T_ZQJ
. 0
With K, o =—2

" " [H,0]0*

1= e* +eCyh +eCyhO+ er—§0+e Carbox

Rate (Cyh) = ( —ratel — rate3) %¥NVg
Rate (CyhO) = ( ratel — rate2) ¥NVg
Rate (HO) = ( ratel + rate3) * N/ Vr

rate (Carbox) = rate 2 + rate3

100



Cyclohexane photo-catalytic oxidation over TiO,: a novel interpretation of temperature dependent performance

Notation

ki (mP.mol™.sY), ko (sY),

ks (m®.mol™.s?), ky (s

K1 206 (ms_ morl-s_l)a K2 206 (S_l)'

k37296 (m3. mOl_l.S_l) andk47296 (S_l)

kr (m*.mol™*.s%)
[O;] (mol.m?®)

n

N+ (mol)

Vg (M)

GCyh' eCyhO’ eHZO’ 9Carbox

e*

Keyn s Keyno» Ki,o (M°.mol™)

Cyh 1

K K

Cyh_296' "™ cyho_ 296

KHzofzge(mS-morl)
E... E.,, E.s» E., (kJ.mol")

AH Cyh,ads? AH CyhO,ads? AH H,0,ads

(kJ.mol")
kCyh,ads' kCyh,des (Sl)
kHZO,ads' kHZO,des (Sl)

3 1 -1
CnyhOads CfHZOads(m .mol~.cm )

Rate constants of reaction 1, 2, 3 and 4

Rate constants of reaction 1, 2, 3 and 4 at
Tt =296 K

Rate constants of reaction 1 at each temperature
Oxygen concentration

Order of reaction 1 and 3 in oxygen

concentration
Total number of active sites (in the reator
Reactor volume

Occupancy of the active sites with cyclohexane,

cyclohexanone, carboxylates and water

Fraction of free active sites

Adsorption constant of cyclohexane,

cyclohexanone and water

Adsorption constant of cyclohexane,

cyclohexanone and water at 296 K

Activation energy of reactions 1, 2, 3 and 4

Adsorption enthalpy of cyclohexane,

cyclohexanone and water
Rate of cyclohexane adsorption and desorption
Rate of water adsorption and desorption

Coefficient that relates concentration with
infrared peak area; for adsorbed cyclohexanone

and water
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5.4. RESULTS

The photo-catalytic reaction was performed at diffeé temperatures, corresponding
to different hydration levels of the TiGurface. This is illustrated in Figure 5.1(a). The
broad band between 3500 and 3000"dsncharacteristic of the OH stretching vibration
of water adsorbed on the TiQurface. This water originates from the catalgstet
preparation, and the lab environment to which #yeld was exposed before starting the
experiment. The very large water band present & 2gynificantly decreases at higher
temperatures. In Figure 5.1(b), the peak area sbrbéd HO is represented as a
function of temperature, showing an exponentiarelese with temperature. From 23 to
40°C a decrease of at least 60% in quantity of raésbwater is observed, while above

this temperature surface dehydration becomes tes®pnced.

23°C s D)
30°C .

40°C

Absorbance
N

b

50°C

Peak Area (cm™)
[ 2

55°C

60°C

20 30 40 50 60
3600 3400 3200 3000 o0
Wavenumber (cm™)

Figure 5.1. (a) Spectra of cyclohexane adsorbed on,TaOdifferent temperatures, prior to the
photo-catalytic reaction, at the region of the Qtétshing vibration of adsorbed,@ (Diamond
ATR background). (b) Peak area of adsorbe® Hs function of temperature, by integration
between 3590 and 3010 ¢m
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5.4.1. UV illumination conditions

At each temperature, cyclohexane photo-catalytidaiion was performed for only
two min with the purpose of analyzing the firstpstef the reaction. In general, the first
minutes of cyclohexane photo-oxidation at room terajure are characterized by the
formation of cyclohexanone in parallel with adsatlie,0O, but also the formation of
carboxylate species causing catalyst deactiva@iprHgure 5.2 shows the spectrum and
its deconvolution after 2 min of cyclohexane phoidation at 23°C. In the higher
frequency range (Figure 5.2a), a positive contidmubf the OH stretching vibration of
H,O with two characteristic bands can be seen. Tipesks have been proposed to
correspond to water adsorbed on the ;Ti@tive sites (3238 ch) and to multilayer
hydrogen-bonded water (3432 ¢)1j18]. A negative contribution for the OH stretabi
vibration of bridging active sites on Ti@s observed at 3642 ¢hji19]. This active site
is of acidic character and occupies 77% of the,Té@alyst, as determined by jH
TPD and the Fe(acadjtration method [2]. At the lower frequency rangégure 5.2b),
the contribution of the adsorbed reaction produgtiahexanone is visible by its
carbonyl vibration at 1694 and 1682 t{6]. DFT calculations on hydrated (101) O
surfaces showed that the former band correspondeodirect adsorption of the
carbonyl on TiQ adsorption sites, while the latter band is modshéted because the
cyclohexanone is also H-bridged to a neighboringodaed HO molecule [14]. To
improve the spectral deconvolution [10], the maimtdbution above 1700 chmwas
fitted with two peaks that are proposed to correspto desorbed molecules of
cyclohexanone under different environments. Wabemétion can be observed by its
bending vibration at 1650 ¢l which grows in parallel with the broad contrilmuti
between 3600-3000 ¢ The contribution of the carboxylic acid vibratis located at
1578 and 1523 cth Table 5.2 resumes the bands used for spectrahdehution with
their applied assignments.
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Figure5.2. Spectral deconvolution after 2 min of cyclohexpgheto-oxidation on Ti@at 23°C in

the a) high wavenumbers region and (b) low waverarmibegion. The black line represents the
original spectra, the grey bands correspond toddéemnvoluted peaks and the dashed grey line
represents the sum of the deconvoluted peaks. Whegtey-shaded peaks in (b) correspond to

adsorbed cyclohexanone.

Table5.2. Assignment of deconvolution peaks observed duryrmphexane photo-oxidation.

Peaks (cr) Vibration Assignment [6,19-21]
3642 OH stretching Bridging OH in T{O

3432, 3238 OH stretching AdsorbegH

1718, 1704 C=0 stretching Bulk cyclohexanone

1694, 1682 C=0 stretching Adsorbed cyclohexanone
1650 OH bending Adsorbed water

1578, 1523 Asymmetric C=0 stretching Adsorbed carboxylates

The same deconvolution method was applied at alp&ratures and the spectral
results can be found in the Appendix. Figure 5@wnghthe trends and as expected, the
conversion rate of cyclohexane into cyclohexanoneeiases with temperature up to
50°C. At 55°C only the contribution of adsorbedlaliexanone decreases and at 60°C,

a considerable decrease in both adsorbed and lulkhexanone can be seen. The
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experimental results also show that the formatiatie of carboxylates increases with
temperature, up to 50.

It appeared that only the experimental data intdhgperature range 23-50°C could be
fitted properly with a single microkinetic modelbdve this temperature the production
rate of cyclohexanone decreases much faster teamdilel predicts and therefore it is
concluded that the reaction kinetics change sicguifily above 50°C. This is probably
due to the onset of thermally induced reactionsicguadditional deactivation, as will
be discussed later. An alternative explanatiootisl bxidation of cyclohexane into GO
and HO. The experimental results obtained at 55°C af@ &@&re therefore not used in
the model.

Although most product formation profiles are wetlegdicted by the microkinetic
model, the carboxylate species show a significantadion at 23°C and 30°C. At 23°C,
the experimental data for formation of carboxylaseews a clear delay, not predicted
by the microkinetic model, which indicates thatbmatylates at low temperatures may
be a product of aonsecutive reaction. At 40 and 50°C this delaycanboxylate
formation is not observed. The peak area of wateludes the initial surface adsorbed
water shown in Figure 5.1, and for higher tempeestit shows a slight decrease at

longer UV-illumination times.
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Figure 5.3. Product profiles and simulation results obtaindathwhe fitted kinetic model for
adsorbed cyclohexanone (solid squares: 1694 + 1682 model fit: black curve), bulk
cyclohexanone divided by 1000 (empty squares: 1¥1B704 crit; model fit: black dashed
curve), carboxylates (solid grey triangles: 1578523 cm; model fit: grey curve) and water
(empty grey triangles: 3432, 3238 ¢mmodel fit: grey dashed curve) formed during photo
oxidation in time at (a) 23°C, (b) 30°C, (c) 400d), 50°C, (e) 55°C and (f) 60°C. The right y-axis

represents the peak area of water.
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Table 5.3 resumes the kinetic parameters obtainet the parameter estimation
using the microkinetic model for cyclohexane photidation. The obtained value of -
36.9 kJ/mol for the adsorption energy of cyclohexa AHadsgyno, is in excellent
agreement with the adsorption energy on a hydrét@dl) TiO, surface of -37 kJ/mol,
estimated using DFT [14]. The model fit shows ascadtion enthalpy of D on TiG,
of -47.1 + 3.2 kJ/mol, which is smaller than theryy of water adsorption on the (101)
crystal phase estimated from DFT calculations [I4hging between -57 and -67
kJ/mol. Although the calculated adsorption enthalpgs lower than expected, the
determined Ko 206 confirms the high hydrophilicity of the TiOcatalyst. The
microkinetic model fit shows no thermal enhancemeithe formation of adsorbed
cyclohexanone (Ea= 0 kd/mol). The rate constant of cyclohexanonmen&ion (k) is
considerably higher than the rate constants of cogthte formation (k and k).
Furthermore, according to the optimal fit, the cilmition of the reaction of
cyclohexanone to carboxylates is negligible (i£,d= 0 s"). This is probably due to
the very high cyclohexanone desorption rate caledldy the model. Contrary to what
was presumed, under illumination cyclohexanone miem is not rate limiting,
confirmed by the 0 kJ/mol activation energy detewdi for cyclohexanone desorption.
However this may not be true at°Z3since at that temperature carboxylate formation
shows a clear delay, implying that at low tempeeduthe oxidation of cyclohexanone
to carboxylates seems to be an important deaativaiep. Contrarily to cyclohexane
photo-oxidation to cyclohexanone, the model fit whothat cyclohexane photo-
oxidation to carboxylate species is thermally emieainwith apparent activation energy
of 18.4 + 3.3 kJ/mol. The correlation matrix of testimated microkinetic model
parameters, calculated under UV illumination caond#, can be found in the Appendix.
The quite high correlation coefficient betweangand Ki.o 206 may have contributed
to the relatively large uncertainty in the calcathtKi,o 206 The parameter skogq is
associated with an even larger uncertainty, whisults from the low sensitivity of the

model to this parameter.
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Table 5.3. Kinetic parameters determined from the microkmetiodel fitting to experimental

data obtained during cyclohexane photo-oxidation.

Parameter Prediction 95% confidence range Units
Cfcyhoads 0.68 +0.04 a. u.
Cfi20ads 1.29 +0.06 a. u.
Kcyh 206 0.31 +0.03 mmol?*

AHadsg, -34.4 +3.7 kJ.mol
Keyho. 2906 26.9Y +2.6 nt.mof*

AHadsyno -36.9 +3.9 kJ.mo!
K20, 206 766 +84 m.mol*

AHadso -47.1Y +3.2 kJ.mof

K1 206 10.84 +0.25 mmolt.s?!
Ea 0.00? - kJ.mol*
Ko 206 0.00? - st
Ea n.a.® -- kJ.mol*
K3 206 1.74 x10° +0.16 x10° m®.mol*.s*
Ea 18.4 +3.3 kJ.mal
Ka_ 206 1286 +878 3
Ea 0.00? - kJ.mol*

D Value limited within a narrow range around theueakestimated from DFT calculations (see
text).

2 value limited by its lower boundary.

% Not applicable: insignificant parameter.

The corresponding surface occupancies of cyclotexapclohexanone, 4 and
carboxylates obtained with the kinetic model arevem in Figure 5.4. As mentioned
above, the kinetic model is only able to descrhmeresults properly at temperatures up
to 50°C, with the exception of the formation of carboxgk at 23 and 3C, which
shows some deviatiodbove 56C the model seems to overestimate the occupanties o

cyclohexanone and carboxylates. At room temperahalé of the available adsorption
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sites are occupied with adsorbed water. At increp@mperatures the water occupancy
decreases whereas those of the other componentsasec The enhanced product
formation is most considerable for the carboxylapecies, which is also due to its
thermal activation (Ea> 0 kJ/mol). The fraction of free active sitesaisvays very

small, in the order of 1f) although its fraction increases with temperatore shown).
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Figure 5.4. Surface occupation with cyclohexanone (black cyrearboxylates (black dashed
curve), cyclohexane (grey curve), and water (g@sheéd curve) as a function of time at (a) 23°C,
(b) 30°C, (c) 40°C, (d) 50°C, (e) 55°C and (f) 60P@e right y-axis represents the occupancy of

cyclohexane and water.
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Fitting the experimental data up to 50°C resultecam apparent activation energy
approaching zero for cyclohexanone formation. beoito get more insight whether this
result is really acceptable, the parameter estomatas also been carried out separately
at all temperatures. In these estimations theamtstants k k,, ks and l were allowed
to vary whereas the two calibration factors and she parameters related to the
adsorption constants were kept at the values piexsen Table 5.3. The resulting rate
constants of the formation of cyclohexanone at difeerent temperatures {k are
plotted in an Arrhenius plot in Figure 5.5, withettraight line corresponding to the
microkinetic model fit at all temperatures, i.e. Ea0 kJ/mol. It appears that the
individual results for the cyclohexanone formaticonstant also correspond, with a
small experimental error, to zero activation eneugyto 55C. Above this temperature
the rate decreases significantly, probably duénéoanset of one or more reactions not
accounted for in the kinetic model, such as therntladly activated oxidation of

cyclohexanone to carboxylates, as will be discussted.

T(°C)
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3.5 1 1 1 1 1
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Figure5.5. Arrhenius plot of the dependency of the constémtolohexanone formation with the
inverse of reaction temperature. The horizonta trresponds to theg km®.mol*.s?) value in
Table 5.3 and the squares correspond to thémk.mol*.s?) values, determined at a single

temperature using the microkinetic model.
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The selectivity of the cyclohexane photo-oxidatieaction to cyclohexanone, shown
in Figure 5.6, is calculated dividing the rate g€lohexanone formation by the sum of
the rates of formation of cyclohexanone and carlagg, which corresponds te/(k, +
ks). The values of the rate constantsakd k were calculated using kes ks 206 Ea,
and Egin Table 5.3, and the modified Arrhenius equatibime selectivity to the desired
product is very high and slowly decreasing with penature. The non-selective
carboxylate product is very detrimental to perfonog since it is strongly adsorbed
causing irreversible deactivation. Figure 5.6 shakes selectivity at all temperatures
however above 5C the microkinetic model does not apply (FigureeSaBid 5.3f). It is
noted that the real selectivity to cyclohexanonerisbably lower than calculated here
since the cyclohexane photo-oxidation reaction @, Ts known to produce up to 5%
of cyclohexanol [22,23]. The small cyclohexanol tridnution was not included in the
microkinetic model since the amount cannot be egtdhreliably due to a large overlap

of its IR features with the other bands.
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Figure 5.6. Selectivity of cyclohexane photo-oxidation to @éxanone, calculated by/¢k; +
Ka).

5.4.2. Dark conditions

When the UV-illumination is turned off, the cyclotamone formation stops and
photon-independent phenomena, like desorption,beaisolated. The decrease of the

adsorbed cyclohexanone peak under dark conditi@ssrecorded and fitted using the
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microkinetic model. The results are shown in Fidgawgfor all temperatures studied and
these show that the desorption of cyclohexanomaik conditions is a slow process, in
the order of minutes, in agreement with previouwslists [9,10]. At higher temperatures
the rate of desorption increases, but completergésn was not reached up to 60°C.
The results show that the relative concentratioirefrersibly adsorbed cyclohexanone

vs the initial concentration increases with reactemperature.

0.08-
< 0.06- :
I
E)
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® 0.021 A

A A A
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Figure 5.7. Desorption of cyclohexanone from the Fi@atalyst in dark conditions at a)°Z3
(black squares), 3G (empty squares) and 4D (grey squares); and b) %D (black triangles),
55°C (empty triangles) and B0 (grey triangles). The curves are the fits obthiwéh the adapted

parameters in Table 5.4.

The four kinetic parameters obtained for the migrekc fitting under dark
conditions are compared with the values obtainettut/V illumination, in Table 5.4.
The results show a very large value @i (2663 + 210) compared to the value found
under UV illumination (26.9 + 2.6). The large cylexanone adsorption constant
calculated under dark conditions is affected by shgnificant extent of irreversible
adsorption visible in Figure 5.7. The cyclohexan@usorption constant under UV
illumination suggests that this irreversible adsiom does not occur under UV light,
which apparently causes a modification of the ;T$Orface [24]. The results also show
that in dark conditions the activation energy fegclohexanone desorption from the
TiO, surface amounts to 58.5 + 5.3 kJ/mol, while a eabfi zero was found under

photo-catalytic conditions. Apparently the ratedesorption is much lower under dark
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conditions than in the presence of UV light. Itherefore concluded that the adsorption
characteristics of cyclohexanone on Titnhder UV illumination and dark conditions
are not comparable; under UV illumination the cheranone adsorption appears to be
in equilibrium, whereas in dark conditions the cywxanone desorption is slow. The
correlation matrix of the microkinetic model parasers, calculated under dark
conditions, can be found in the Appendix. No stralegpendency between any of the

estimated parameters was found.

Table 5.4. Comparison between the kinetic parameters detednirom the microkinetic model

fitting to experimental data obtained under UVrfimation and under dark conditions.

UV illumination Dark
_ 95% confidence ~ 95% confidence
ParameterPrediction Units | Prediction Units
range range

Keyho 206 | 26.9 +2.6 mmol* | 2663 +210 mmol*
AHadg,no| -36.9 +3.9 kd.mol | -14.7 +3.1 kJ.mal

Ks_ 206 1286 + 878 d | 7.27x10° +0.68x1C° st
Ea 0.00 - kd.mot | 58.5 +5.3 kJ.mél

The development of the carboxylate peak area asunatibn of time at all
temperatures studied is shown in Figure 5.8. B&OAC the carboxylates peak grows
under illumination, but starts to decrease whertchiig to dark conditions (Figure
5.8a). This decrease is relatively small and cthedefore also be caused by inaccuracy
in the deconvolution procedure. Above 50°C the aeylates peak clearly continues
growing after switching to dark conditions (Figuse8b), although the formation rates
are lower than under illumination conditions. Tréeows that the formation of
carboxylates occurs almost exclusively photo-céitaily below 50°C, but above 50°C
both f-catalytically and thermally. Above 50°C, tinerease of the carboxylate peaks is
opposed by a decrease in the peaks of adsorbesheyelnone (compare Figures 5.8b
and 5.7b). This suggests that a serial reactioersehis operative: cyclohexanone is

thermally oxidized to carboxylates.
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Figure 5.8. Profiles of adsorbed carboxylates (1578, 1523"cat a) 23°C (black dots), 30°C
(empty dots), 40°C (grey dots) and b) 50°C (bla@ngles), 55°C (empty triangles) and 60°C
(grey triangles). The first 2 min represent theniination conditions and the remainder dark

conditions. The curves were drawn to guide the eye.

5.5. DISCUSSION

5.5.1. Activation energy for cyclohexanone formation

Photo-catalytic reactions are activated by photosogption, and an energy of 300-
350 kJ/mol is required to initiate the process déckon-hole separation [25].
Nevertheless, the activation energy of a photobgidareaction, like the selective
oxidation of cyclohexane is expected to be smathntpulse radiolysis it was found
that for the reaction of organic molecules wittH radicals the typical activation energy
is in the range of 5-13 kJ/mol [26]; similarly, antivation energy for the formation of
the superoxide anion was estimated as 11 kJ/mal [27

It is striking that our study, based on activity aserements using ATR-FTIR
analysis, provided an estimate of 0 kJ/mol for épparent activation energy for the
selective cyclohexane photo-oxidation to cyclohexen(Table 5.3), implying that this
reaction is not thermally activated. Hermann etestimated an apparent activation
energy of 10.5 kJ/mol between 23-55°C for the samaetion [7]. While the apparent
activation energy determined in our work is basedtltee formation rate constant of

adsorbed cyclohexanone, previous studies only ateduthe formation rate of desorbed
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cyclohexanone [7,8]. This may explain the diffeno apparent activation energies
found, since the latter is influenced by sorptiffects. Thein situ ATR-FTIR technique
appeared very suitable for distinguishing theseotst

Herrmann et al. reported the highest activatiorrggn€58 kJ/mol) at temperatures
below 23°C [7,8], which was ascribed to cyclohexanadesorption limitations.
Although we did not study the reactivity below°23 the results in Table 5.3 indicate
that cyclohexanone desorption in not limiting ungloto-catalytic conditions. Our data
suggest that the high apparent activation enenggrted by Herrmann et al. is related to
a variation of the degree of surface adsorbed watee results in Figure 5.1 clearly
show that the number of adsorption sites availéttecyclohexane adsorption is not
constant but dependent on the extent of surfaceratipd. This is particularly
significant at low temperatures, at°€3more than 50% of the surface is occupied by
adsorbed LD, resulting in a lower quantity of adsorbed cyeixdnone (Figure 5.4a)
and a lower product formation rate (Figure 5.3a¢lo 23C the effect of surface
hydration is likely to be even stronger. Therefatelow temperatures the apparent

activation energy of the cyclohexanone formatiommisre accurately predicted from:
Eapp = Eat (-0, ) AH =6, AH,  [28]. In our study a water adsorption enthalpy

of -47.1 kJ/mol was estimated, indicating that apparent activation energy calculated
below 23C by Herrmann et al. may partly correspond to tesodption of HO from a
considerably hydrated Tig&urface. The other part of the difference in thkug of the
activation energy might be due to the decrease umher of active sites by the
formation of carboxylates, maybe in combination hwiirreversibly adsorbed
cyclohexanone, as shown in Figure 5.7.

At temperatures above %5 the microkinetic model is not applicable sincéent
reactions not considered in the model interferdn he kinetics of cyclohexane photo-
oxidation, resulting in lower rates than predicted the model. Herrmann et al.
observed a similar effect, reported as a negatiheevof the apparent activation energy
at higher temperature, which they, however, expldimy cyclohexane adsorption
limitation instead of deactivation. Our model does predict cyclohexane adsorption
limitations (Figure 5.4) under UV illumination um t50°C. The results at 55 and
particularly 60°C (Figures 5.3e and 5.3f), showagignificantly lower reaction rate

than at lower temperature, however, might be rdlsgeadsorption limitations.
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The results in Figure 5.8 indicate that abov&Sesides the photo-catalytic route, a
thermal route must be taken into account in thb@aylate formation. The contribution
of the thermal deactivation is the largest at@G0vhich is accompanied by a decreased

product formation. Based on these results, the rappaactivation energy at

[28].

temperatures above ¥5can be estimated witk,,, = E,+ (1-6 ., JAH ., E ..,
The activation energy for the thermal deactivationte was not estimated since it was
only significant in the 60°C experiment of whichethesults were not used in the
microkinetic model.

From our findings it has become evident that apgaaetivation energies estimated
using a simple Arrhenius method based on liquidsphaoncentrations, must be
interpreted with care since the values are inflednsignificantly by competitive
adsorption and deactivation phenomena. More mestiannsight is obtained using
situ techniques, which are able to analyze these phemamThis is particularly
important for the highly hydrophilic and easily déaated TiQ photo-catalysts for

organic transformation, as demonstrated herein.

5.5.2. Temperature effect on selectivity

The kinetic model contains two routes to carboxy/@rmation: (i) an indirect route
via oxidation of cyclohexanone to carboxylates, éida direct route via formation of
carboxylates from cyclohexane. The results of timetic parameter estimation show
that the direct route is clearly the predominang;oonly at 28C this seems not true
since then the formation of carboxylates showsearctlelay. This indicates that the
oxidation of cyclohexanone to carboxylates is apdntant deactivation route at low
temperatures. The fact that this reaction is négégaccording to our modeling might
be due to the high cyclohexanone desorption ratstaat under illumination, resulting
in a low cyclohexanone occupancy within the erfathe calculations.

The results show that selectivity towards cyclomexe formation decreases with
reaction temperature (Figure 5.4). Scheme 5.2 resuwy a simplified illustration, the
surface occupation according to our model at dfiertemperatures, under dark
conditions as well as under illumination conditionst 23°C, competitive water

adsorption hinders the cyclohexane adsorption, Itieguin a low reaction rate.
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Although HO is included in the microkinetic model as a sp@ctanly, it may in
reality also intervene in the reaction, e.g. infihvenation of OH radicals or by inducing
a lower product selectivity. The carboxylates agresented with chemical bonds to the
active sites to stress that these species aresigibly adsorbed, causing deactivation.
At temperatures up to 50°C, the surface hydratemehses and cyclohexane adsorption
increases, increasing the yield under UV illumioaticonditions. At 60°C the yield
decreases significantly, probably due to the théforanation of carboxylates, (Figure
5.8b), although also a limitation in the cyclohexausorption may play a role.

The kinetics of cyclohexanone desorption under dawkditions, not shown in
Scheme 5.2, proved to be unrelated to the desarmtfocyclohexanone under UV
illumination. According to our results the TiCrcatalyst under photon absorption
conditions shows a much “cleaner” surface, whilglank conditions, cyclohexanone is

much more strongly or even irreversibly adsorbedhe surface.

Scheme 5.2. Schematic representation of the expected speoiesyiag the surface of the TiO
catalyst under dark conditions (prior to reactiam)d during photo-catalytic oxidation of
cyclohexane (UV illumination), at a) low temperasirand b) high temperatures. The —OH site
represented in the scheme is a simplification @ mhultiplicity of sites present in the TjO
surface. The solid lines represent irreversibleogasn while the dotted lines represent weak H-

bonded adsorption.
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5.6. CONCLUSIONS

The temperature dependence of the photo-catalytitbleexane oxidation on TiO
was evaluated usinign situ ATR-FTIR spectroscopy, allowing the analysis offace
adsorbed species. The experimental data were fidedy a microkinetic model, which
predicts the absence of a temperature effect onrdbte of selective formation of
cyclohexanone (EBa= 0 kJ/mol). The cyclohexane photo-catalytic okima is
significantly limited by both competitive water adption and catalyst deactivation.
The formation of carboxylates, which according e tmodel fit are mainly formed
from direct cyclohexane oxidation under UV illumiioen, showed an activation energy
of 18.4 + 3.3 kJ.mdl. Above 50C carboxylates are also formed by consecutive
oxidation of cyclohexanone, as demonstrated bytsgechanges in dark conditions.
The results imply that elevating the reaction terapge of photo-catalytic cyclohexane

oxidation reduces selectivity, and is not a meargippress catalyst deactivation.
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5.7. APPENDIX

This Appendix includes supporting information fohapter 5, containing extra

spectroscopic and microkinetic model results.

5.7.1. UV illumination conditions

Figure 5.9 shows the spectrum and its deconvoluditer two min of cyclohexane

photo-oxidation at several temperatures, bothénhilgh and low wavenumber range.
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Figure 5.9. Spectral deconvolution after two min of cyclohexgrhoto-oxidation on Ti©at (a)
23°C, (b) 30°C, (c) 40°C, (d) 50°C, (e) 55°C an@@PC for the 1) high wavenumbers region and
2) low wavenumbers region. The spectra are repteden common scale of absorbance among
the same wavenumber region. The black line reptesiwe original spectra, the grey bands
correspond to the deconvoluted peaks and the dagted line represents the sum of the
deconvoluted peaks. The two grey-shaded peaksspmme to adsorbed cyclohexanone.

Table 5.5 shows the correlation matrix of the ltap®eters that could be fitted,
without becoming limited by the boundaries that evset to avoid the values moving
into physically unacceptable ranges. None of theohite values of the correlation
coefficients between different parameters excedds vialue of 0.99 indicating the
absence of a strong correlation between any oéstienated parameters [1]. The quite
high correlation coefficient of 0.97 betweenksand Ko 20smay have contributed to
the relatively large uncertainty in the calculatéd,o 295 The parameter jkogs is
associated with an even larger uncertainty, whéshults from the low sensitivity of the

model to this parameter.
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Table 5.5. Correlation matrix of the estimated microkinetiodel parameters, calculated under

UV illumination conditions.

cf cf AHads K AHads K AHads

CyhOads H2Oads Cyh CyhO_296 CyhO H20_296 H20

Paramete

=

kl_296 k3_296 Eas k4_296

CnyhOads 1

Cfipoass | 0.82 1
AHadsg,,|-0.77 090 1

Keyho 206 | -0.24 -0.20 -0.24 1
AHadgo| -0.59 0.70 0.76 -0.46 1

Kizo 206 | 0.64 -0.92 -0.90 0.49 -0.77 1
AHads,,0| -0.66 0.80 0.88 -0.35 0.84 -0.89 1

Kis | 0.66 -0.94-0.93 043 -0.720.97 -0.83 1

Ks 06 |-0.32 -0.11 -0.21 0.74 -0.220.40 -0.30 0.37 1

Ea | 0.2 -0.17 -0.08 -0.07 0.09 0.05 0.12 0.12 -047 1

Ks 206 | 0.15 -0.27 -0.26 0.52 -0.24 0.36 -0.25 0.36 0.23 0.04 1

5.7.2. Dark conditions

Table 5.6 shows the correlation matrix of the 4apaaters that were fitted to the
ATR-FTIR results under dark conditions. Since thedute values of all the correlation
coefficients between different parameters are fagnitly lower than 0.99, it can be

concluded that there is no strong dependency betary of the estimated parameters.
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Table5.6. Correlation matrix of the microkinetic model paeters, calculated under dark

conditions.
Parameter Kyho,_ 296 AHadsyno Ks_206 Ea
Keyho_296 1
AHadgyho -0.89 1
Ks 206 0.60 -0.56 1
Ea, -0.42 0.54 -0.77 1
REFERENCES

[1] Caracotsios, M., Personal Communication (1997).
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Cyclohexane photo-catalytic oxidation on FiO

evidence for a Mars-van Krevelen mechanism

Cyclohexane photo-catalytic oxidation witfD, over anatase TiOwas analyzed bin
situ Attenuated Total Reflection Fourier Transform &méd (ATR-FTIR) spectroscopy,
to gain insight in the mechanistic steps of formatiof cyclohexanone and of
deactivating carboxylate species, respectively.l@exane photo-oxidation on TjO
with increasing concentration of labeled ¥f®H sites, yielded cyclohexanone and
surface deactivating species with an isotopic ithistion reflecting the concentration of
Ti-*OH sites on the surface. This finding suggests tmatgen incorporated in
cyclohexanone, as well as in deactivating carbdgglaoriginates from the catalyst
surface, rather than from dissolved. Ohis suggests that cyclohexyl hydroperoxide
observed spectroscopically, is a spectator spe@diser than the commonly assumed
reaction intermediate. The proposed Mars-van Kmvetycle is completed by
regeneration of surface sites by reaction wilD,. In contrast to cyclohexanone
formation, the formation of carboxylate species vehoa kinetic isotopic effect,
suggesting that consecutive oxidation reactionslires C-O bond formation as a rate

limiting step.

This chapter is based on the following publicati®nR.Almeida, J.A.Moulijn, G.Mul (2010)

submitted.
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6.1. INTRODUCTION

Cyclohexane photo-catalytic oxidation on anatas®, 1$ a promising alternative to
the commercially applied and intrinsically ineféiat cyclohexanone production process
[1]. The high selectivity towards cyclohexanone nfiation [2] is unfortunately
associated with extensive catalyst deactivation tduormation of strongly adsorbed
carboxylate and carbonate species [3]. Cyclohexardasorption from Ti@in dark
conditions is a slow process, with a time scal¢him order of minutes [4,5], and the
congruent formation of carboxylates suggests thansecutive oxidation of
cyclohexanone is a major contributor to the forovanf these species.

To further improve on photo-oxidation selectivityjs important to understand the
origin of oxygen yielding cyclohexanone and carbatgs, respectively. It is often
proposed in the literature that photo-catalyticlofiexanone formation occurs through a
cyclohexyl hydroperoxide intermediate [2,3,6-8]ggesting that oxygen dissolved in
cyclohexane is the primary oxygen source yieldipgahexanone. Besides cyclohexyl
hydroperoxide, also cyclohexanol has been propasedn intermediate [7-9], which
might be formed by recombination of cyclohexyl @ radicals, the latter originating
from the catalyst surface.

Isotopic labeling is a powerful approach for obiagninformation on the origin of
oxygen incorporated in oxidation products. Schenierépresents the most abundant
products of cyclohexane photo-oxidation wiflD,, with carboxylates being formed
either through direct unselective oxidation of oywxane, or through consecutive
oxidation of the product cyclohexanone. Both mombaiee and bidentate carboxylates
are shown.

The present study will discuss the validity of #esrious light induced reaction
steps occurring over TiOsurfaces, also addressing the role of (surfacedxme
intermediates. To this end, cyclohexane photo-gtitabxidation was performed using

80, in combination wittin situ ATR-FTIR spectroscopy.
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Scheme 6.1. Expected products of cyclohexane photo-oxidatiith WO,, including the selective
formation of cyclohexanone, and two possible rotbesards carboxylates, with monodentate and

bridging conformations.
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6.2. EXPERIMENTAL

6.2.1. Photo-catalytic reactions

A Nicolet 8700 spectrometer with a ZnSe ATR accegstescribed elsewhere [3],
was used for thén situ study. The ATR cell of 4 mL inner volume was sdaly a
quartz window and covered by a pyrex glass, toldhk/ light wavelengths below 275
nm. A 75 W Xe illumination source was equipped vatshutter that opens or closes in
synchronization with the measuring spectrometed, was controlled by a home-made
Labview method.

The photo-catalyst used in this study was Hombikstl00 TiO, (Sachtleben) of
100% anatase crystallinity (determined by XRD), sarSf 337 nf/g and a primary
particle size of approximately 5 nm [2]. The casalywas dried at 120 °C for 1 h in static
air and suspended in water at a concentrationsofj/L.. The suspension was treated for
30 min in a 35 kHz Elmasonic ultrasonic bath; 2 ailthis suspension was spread on a
ZnSe crystal (50x10x2 mm) and dried in vacuum oigérn The obtained Ti@coating
was dried for 1 h in air at 120, prior to catalytic testing.

Cyclohexane (99.0% from Sigma-Aldrich) was satutatéth two different oxygen
gas mixtures: 1) 59%°0,, as obtained by diluting air in He and 2) 8%./He (Isotec).
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Pre-illumination of the Ti@ catalysts undef®0, environment (gas mixture 2) was
continued for 15, 30, 60 min in order to induce @ay Isotopic Exchange (OIE) of
surface active sites. Pre-illumination of the Ti@talysts undef’O, environment (gas
mixture 1) was continued for 30 min, for comparis@yclohexane pre-dried with
molsieve 4A, was saturated with either 89@,/He or 5%'0,/He, in a separated
vessel. After saturation the liquid was directedthe ATR cell by a syringe and
illumination was continued for 10 min. A referenegperiment with 30 min pre-
illumination of the TiQ coating in He, followed by 10 min UV illuminatioof
cyclohexane adsorbed on TiContaining dissolved He, was also performed. Ad&ech
experiment the Ti@catalyst coating was removed from the ZnSe cryatal a fresh
TiO, coating was prepared.

A TRS N-cooled detector was used for the rapid scan measnts, applying a scan
rate of 8.8617 cmsand a spectral resolution of 4 émThe first steps in the
experiment consisted of recording 500 scans (119 midark conditions, which were
averaged and used as background in the experird@as0 scans (10 min) were
measured under illumination, which were averageihie-slices of 100 scans, resulting
in spectra representing a period of 14 s. A declumtiem method was developed in the
Omnic 7.3 software from Thermo Scientific, and &blbetween 1880-1475 &m
wavenumbers. The wavelengths of the infrared bavete allowed to vary + 3 ch

from the original guess, in order to reduce redalimathe fitting.

6.2.2. Spectra of reference compounds

Cyclohexane and a solution of 0.05 M of cyclohexanin cyclohexane were dried
over Molsieve type 4A overnight before use. A votuof 50 mL of cyclohexane was
flown through the Ti@ coated ATR cell for 1 h by means of a series ighhi
performance liquid chromatography pump. After scefatabilization a spectrum was
taken as background. For the measurement of thetrape of cyclohexanone adsorbed
on TiG,, the inlet of the ATR cell was switched from punglohexane to the solution
of 0.05 M of cyclohexanone in cyclohexane. The spec obtained after 2 h of
cyclohexanone exposure to the Fi€atalyst was subsequently recorded.

A similar reference spectrum was recorded by exgpsi fresh Ti@ coating to a
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mixture containing 5.5% cyclohexyl hydroperoxide,7¥% cyclohexanol, 0.69%
cyclohexanone and 0.09% adipic acid in cyclohexdigs was done for only a few
minutes because of the potential instability of pleeoxide.

A Nicolet 8700 spectrometer equipped with a TRScbbled detector was used for
spectral recording. The measurements were doneawithror velocity of 1.8988 cni’s
and a resolution of 4 ¢ The background and the sample spectra were aagifagm

64 and 32 spectra, respectively.

6.3. RESULTS

6.3.1. Cyclohexane photo-oxidation with *°0,

Prior to reaction, the TiDcoating was pre-illuminated in an environment &b 5
0,/He for 30 min. After this pre-treatment, cyclohegaphoto-oxidation with°0,
was performed; the products after 2 and 10 min ¥f illumination can be seen in
Figure 6.1. These results are compared with referespectra of cyclohexanone and
cyclohexyl hydroperoxide adsorbed on Fi0n dark conditions). The broad feature
with two main contributions at 3350 and 3230 toorresponds to the OH stretching
vibrations of adsorbed water. The O-H stretchiriyation of the bridging Ti*fOH)-Ti
active sites is observed at 3630 tmavelength. While the amount of adsorbed water
increases with time, the TI°OH)-Ti group decreases, as a result of either
deprotonation, or H-bonding with an adsorbate. Hasici®*OH group which is
expected to absorb around 3415iis overlapped by strong water contributions [10].
Cyclohexanone does not show characteristic infrémants in this spectral range, but
adsorption on Ti@ also leads to a negative intensity at 3630 cr@yclohexyl
hydroperoxide adsorption on TiCalso shows the negative contribution of oH)-Ti
site, as well as the characteristic bands of wadisorption on Ti@ at 3230, and 3350
cm’. The only characteristic peak of the peroxidehiis region is the OH stretching
vibration, which is expected at 3512 ¢rfil1], but is again overlapped by the large
water contributions of the TiGsurface.

The spectra in the 1900-1200 ¢himfrared region are also shown. Direct comparison

between the reaction spectrum after 2 min of illeion, and the reference spectra
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shows that cyclohexanone is the main product ofotyxane photo-oxidation. The
cyclohexanone bands can be observed in the 170b region, with three obvious
contributions: 1) a shoulder at 1720 ‘tnecorresponding to the G% stretching
vibration of bulk/desorbed cyclohexanone, 2) 1696'cand 3) 1679 cih both
corresponding to the G% stretching vibration of cyclohexanone, adsorbedttre
TiO, surface. Cyclohexanone adsorption on hydrated)(I@Q, surfaces was studied
by DFT calculations. The band at 1690 tmas assigned to cyclohexanone adsorption
on a relatively dry surface, while the 1679 tbrand was assigned to the interaction of
cyclohexanone with neighboring adsorbegOHmolecules [12]. The small 1313 and
1278 cm' bands are related to the €Hbending and twisting vibrations of the

cyclohexyl ring in cyclohexanone.
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16, ()]
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I © 4o
g L I3 3R 5
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. 16 . — 8 —
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Figure6.1. Infrared spectra in the 4000-3000 tand 1900-1200 cthregions, after 2 min (black
spectrum) and 10 min (grey spectrum) of cyclohexaneto-oxidation with 594°0,/He, on a
TiO, catalyst which has been pretreated by submittitg UV illumination for 30 min under 5%
1%0,/He environment. The black dashed spectrum correpdo cyclohexanone adsorbed on
TiO,, and the grey dashed spectrum to cyclohexyl hyshmpde adsorbed on TiD both

measured in dark conditions.
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The spectrum obtained after 2 min of reaction is cumpletely identical to the
cyclohexanone adsorption spectra. Bands of cycldhepdroperoxide can also be seen,
of which the most prominent one is located at 186¥, corresponding to the GH
bending mode of the cyclohexyl ring. This showst ttyclohexyl hydroperoxide is a
product of cyclohexane oxidation, as proposed presly [2,3,9,13], but not necessarily
an intermediate to cyclohexanone. Rather, the appaccumulation of the peroxide on
the surface implies that the (thermal) rearrangéroéthe peroxide intermediate to the
products cyclohexanone ang®is slow, if any. While spectral contributions1at13
cm® are observed in the reference spectrum of adsocgelbhexyl hydroperoxide,
these are likely the result of the presence of krmaounts of cyclohexanone and
caproic acid in the reference mixture (see abowkeukxperimental).

The spectrum after 10 min of illumination showdrarsg contribution at 1565, 1520,
1424 and 1414 cih assigned to carboxylates and carbonates, whiokecaatalyst
deactivation [14]. We propose that the 1565/1424" @nd 1520/1414 cthdoublets
correspond to the stretching vibrations of monoatentarboxylate [15] and bidentate
carboxylate [16], respectively, but other contribns of carbonates and bicarbonates
may also exist in this region of the IR spectrurhrdom temperature, these species are
observed only after 2 min of photo-oxidation, sugiggy that they are a product of
consecutive reactions.

The bending vibration of the water formed duringation can be seen at 1642tm
wavenumbers. The consumption of cyclohexane in toaa be followed by the
decreasing bands at 1448 and 1257 corresponding to the GHbending and twisting
vibrations of the cyclohexane ring.

A blank experiment, done with He gas instead®@/He (not shown), induced no
reaction products. Under anaerobic conditions amlgmall decrease in water and
cyclohexane band intensities was observed, probadgted to a slight increase in

temperature under UV illumination.

131



Chapter 6

6.3.2. Cyclohexane photo-oxidation with 0,

Prior to the cyclohexane oxidation experiments, i@, catalyst coatings were pre-
illuminated in 5% '®0,/He gas phase environment for 0, 15, 30 and 60 min,
respectively, to prepare surfaces with variable am® of Ti*®0OH active sites. During
pre-treatment in0,/He, spectral changes were minor, except for aedmser in the
intensity of water bands. IR shifts of OH groups@venfortunately difficult to identify.
The spectra after 2 and 10 min of cyclohexane pbgidation with'%0,, over TiQ,
coatings of variable T¥OH content, are shown in Figure 6.2. The use dbjsioally
labeled oxygen is expected to induce a red shithéninfrared vibrations of the oxygen
containing reaction products. However, the obserbadds in the 4000-3000 &m
region are similar for all the experiments, andoasémilar to the ones observed in
Figure 6.1, with the bridging THOH)-Ti stretching vibration at 3630 ¢hand the H-
bridged water contributions centered at 3350 ar@D3n’, respectively. This suggests
that H'°0 is the predominant product of photo-oxidatione Téxtent of reduction in
intensity of Ti-t°0OH)-Ti sites is comparable in all experiments, simgw the

reproducibility in rates of oxidation.

132



Cyclohexane photo-catalytic oxidation on TiO,: evidence for a Mars-van Krevelen mechanism

|
/'(':'\
H,%180 1‘6/180'( .“50 _ CH,
e  ~3350  ~3230 c="0 Q Iy e
Ti-*O(H)-Ti i c=*0 o S 3 RG
l 8 - d o
—

3630

Absorbance
2
1
{
H

- Y

SESER !
|

CyhO L —— N Cyho

CHHP CHHP

' 3800 3600 3400 3200 1800 1600 1400 1200
Wavenumber (cm™) Wavenumber (cm™)

Figure 6.2. Infrared spectra in the 4000-3000 tand 1900-1200 cthregion, after 2 min (black
spectra) and 10 min (grey spectra) of cyclohexamegoxidation with 596%0,/He on a TiQ
catalyst which has been submitted¥® exchange for a) 0 min, b) 15 min, c) 30 min ah&@
min. The black dashed spectrum corresponds to yttleleexanone (CyhO) adsorption, and the
grey dashed spectrum to cyclohexyl hydroperoxidéH€) adsorption on Ti§) both measured in

dark conditions.

The region below 1800 chis also shown in Figure 6.2 and the carbonyl bands
between 1800 and 1600 crare depicted in more detail in Figure 6.3. WithGUE, the
spectrum is similar to the one shown in Figure &ifiere'®0, was used as oxidant. It is
striking that while'®0, is fed, mostly cyclohexanone with €% carbonyl signature is
predominant, in particular for the catalyst nottprated by'®0, exchange. Small
contributions of labeled cyclohexanone can be oleskerat longer illumination times,
but the analysis is ambiguous due to the strongrpbien of water bending modes in
the same spectral region. When the photo-catahgction is preceded by OIE in

%0,/He gas phase conditions, contributions of cyclaimexe with a red shifted
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carbonyl vibration can be observed, as shown inemdetail in Figure 6.3. Four
contributions of adsorbed cyclohexanone are apparan 1690 and 1679 ¢
corresponding to adsorbed cyclohexanone contaiai@F 0 carbonyl group, and at
1657 cm' and 1642 cm corresponding to adsorbed cyclohexanone with &@=
carbonyl group. A rough assessment of the conidhubf labeled versus unlabeled
cyclohexanone on the TiGurface after 10 min of cyclohexane photo-oxidatias a
function of the time of pre-OIE, is shown in Fig@@e). The contribution of the ¢
carbonyl peaks increases with time of OIE up ton3@. At longer e no further
increase is observed, indicating that a maximunstgexn the number of surface sites
containing*®0, (under the applied OIE conditions). A maximumasbund 50% of
isotopically labeled cyclohexanone is produced.sTiough assessment is however
affected by the level of surface adsorbed watespdiing in the same region, which
probably results in an overestimation of the ctwiibn of labeled cyclohexanone. It is
therefore expected that the contribution of labetgglohexanone is smaller than
represented in Figure 6.3e), especially fu=0.

Figure 6.2a) shows carboxylate bands at 1520 afd &, similarly to Figure 6.1,
suggesting that these products are'fiotlabeled. Small infrared redshifts can be seen
with increasing OIE time, associated with the ipetdabeling of these products. It
should be noted that the rate of formation of tleedfivating species decreases as a
function of the time of OIE. Spectra c¢) and d) igute 6.2 are very similar although the
pre-OIE step was performed for 30 min and 1 h,eespely. This again demonstrates
the reproducibility of the experiments, and thahaximum level of surface exchanged

sites is reached after 30 min of exchange.
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Figure 6.3. Infrared spectra after 10 min of cyclohexane ptmdolation with 5%'%0,/He on a
TiO, catalyst which has been submitted to OIE for &)if, b) 15 min, ¢) 30 min and d) 60 min.

The black dashed spectrum corresponds to the axdmione (CyhO) adsorption. e) represents

the ratio between the peak area of cyclohexanont Wi=%0 (1618-1600 ci) and
cyclohexanone with C£0 (1730-1668 ci), as shown in f), as a function of OIE time.

In order to observe the spectral contributionssofapically exchanged products more

clearly, the spectrum of cyclohexane photo-oxidatisith *0, (Figure 6.4a) was

subtracted from the spectrum when usif@, as oxidant (Figure 6.4b); both spectra

correspond to 30 min pre-illumination, for (a) i#5%0,/He and (b) in 5%4°0./He.

The result is shown in Figure 6.4c). The*®@carbonyl peak area in spectrum (b) was

0.6 times that of the intensity in spectrum (a)ef|fore, in the subtraction procedure, a

weighing factor of 0.6 for the contribution of spreen (b) was applied.
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Figure 6.4. Infrared spectra in the 4000-3000 t=nd 1900-1200 cthregion, a) after 10 min of
cyclohexane photo-oxidation with 58%0,/He on a TiQ catalyst which has been submitted to 30
min of OIE in 5%'%0,/He; b) after 10 min of cyclohexane photo-oxidatiith 5% °0,/He on a
TiO, catalyst which has been submitted to 30 min ofilumination in 5% 0,/He; and c)

Subtraction: (Spectrum a) - 0.6*(Spectrum b).

Table 6.2 summarizes the interpretation of isot@picunlabeled and labeled bands
seen in Figure 6.4, and their product assignmente expected redshifts were
calculated with the harmonic oscillator equation7][land compared with the
experimental data.

The main OH stretching bands of adsorbe®H~3350 and ~3230 ¢y shift to
3285 and 3195 crhin Figure 6.4c), which is a larger shift than eogeel on the basis of
the harmonic oscillator equation. The large shiftynbe tentatively explained by the
formation of a hydrogen bonded network involving"f®H and H'®0. The bridging
Ti-OH active site does not show a clear shift, ¢ating that this active site, which
occupies 75% of the catalyst surface [2], is nathexged with labeled oxygen. The

calculated and experimentally observed values fmlobexanone containing ¢
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groups, are in reasonable agreement. The carbexpksks at 1520 and 1414 tim
Figure 6.4b), shift to 1510 and 1404 tim spectra 6.4c). These bands correspond to
the symmetric and asymmetric stretching vibratidntlee carbonyl group in the
carboxylate molecule. Isotopically labeling the bzaryl group in the carboxylate
molecule would induce, according to the harmonicillador equation, shifts in the
order of 30 crl. Since much lower redshifts were observed, we lodecthat only
partial isotopic labeling occurred. The monodentarboxylates and carbonate
vibrations, being of lower intensity are difficutb analyze. The isotopic labeling of

these deactivating species is therefore unresolved.

Table 6.2. Peak redshift caused by OIE, estimated by the dxaicroscillator equation.

Observed Observed Predicted ObservedPredictec

peak (crit) peak (crit) peak (crt)  shift shift Egblrgtg)lr} Species
160 180 180 (Cm-l) 1) (Cm-l) 2) ’
3630 3630 3618 0 12 'O-H str. Ti*°OH
3350 3285 3329 65 21 80-H str. H0
3230 3195 3210 35 20  BO-H str. H0
1720 1681 1678 39 42 &o Bulk
cyclohexanone
1690 1657 1648 33 42 &o Ads.
cyclohexanone
1679 1642 1640 37 39 &o Ads.
cyclohexanone
1642 1627 1632 15 10 H¥O-Hbend H,*®O
18, _16
1520 1510 1489 10 31 < Os|t-:)_ o Carboxylates
18, _16
1414 1404 138% 10 28 < OS::)_ o Carboxylates

D Subtraction between the observed peak of the taitlavith 1°0, with the observed peak of the
oxidation with'%0,.

2 Subtraction between the observed peak of the tiailavith °0, with the predicted peak of the
oxidation with*®0, (by the harmonic oscillator equation).

® Harmonic oscillator equation applied for a triato vibration:

*sin(a)?)
*sin(a)?) '

v, ) _m *mlso(mc +2*m

2
Vi = leo
v m; *m,, (M +2*m

with v andv; corresponding to the frequencies of labeled

160
and unlabeled vibration, dnmye, and mg, to the atomic weights of C?O and*°0 anda the
angle of the O-C-O bonds [22].
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6.3.3. Kinetic Isotope Effect

Figure 6.5a) shows the deconvolution of the spetibbtained after 10 min of photo-
catalytic cyclohexane oxidation wittiO,, on a catalyst submitted to 30 min of pre-
illumination in*°*0,/He. Figure 6.5b) shows the deconvolution of thecsfum shown in
Figure 6.4c), i.e. the spectrum after 10 min oflalyexane photo-oxidation wittfO, on
a TiO, catalysts submitted to 30 min of OIE, after sutttrey the contributions of
unlabeled cyclohexanone. The vibrations used fa deconvolution are assigned
according to Table 6.1. The deconvolution procedafeFigure 6.5b) was done
assuming that the contribution of unlabeled proslichegligible, except for the band at

1568 cnit.

a) <o, b)

Absorbance

_4:1720

1800 1750 1700 1650 1600 1550 1500 1800 1750 1700 1650 1600, 1550 1500
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Figure 6.5. Spectral deconvolution of the cyclohexane photiglation spectrum after 10 min of
illumination using a) 5%°0,/He as oxidant; b) 5%°0.,/He as oxidant after subtraction of
unlabeled contributions. The catalyst coatings wseremitted to 30 min of pre-illumination in
%0,/He and®0,/He, respectively. The black line represents thigimal spectra, the grey bands
correspond to the deconvoluted peaks and the daslaedt line represents the sum of the
deconvoluted peaks. The two bands represented fal @rey line correspond to adsorbed

cyclohexanone.
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The peak area profiles of the adsorbed cyclohexabands during illumination, can
be fitted to an exponential curve, C(t), accordimghe following equation: C(t)=6]1-
exp(-k*t)], in which, G corresponds to the cyclohexanone plateau and kh¢o

formation constant of adsorbed cyclohexanone i tftnmin). The results can be seen

in Figure 6.6a). The constant of unlabelled cyckamone formatiorkcyho,wo, is 0.22

min™, while the constant of labeled cyclohexanone fdiona Keyhoseg » 15 0.19 mifl.

The effect of isotopic substitution on the kinetan be assessed by calculating the
kinetic isotope effect, the ratio of the two comésa The value of 1.17 is too close to
unity to suggest a significant kinetic isotope effia the formation of cyclohexanone, in
view of the error related to the subtraction areldeconvolution methods.

A similar analysis can be made for the formatiorcafboxylates species, which is
shown in Figure 6.6b). The formation of labeledboagylates shows a delay in the first
minute. The constant of unlabelled carboxylatesnfdion, k is 0.09 mirt,

Carbox 16 ?

while the constant of labeled cyclohexanone foromatik is 0.02 miff. A

Carbox 18 ?

kinetic isotope effect of 4.15 was determined, éatihg that the rate of carboxylates

formation is limited by a step involving an oxygatom.
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Figure 6.6. Peak area of a) adsorbed cyclohexanone and bjbedsoarboxylates bands formed

during 10 min of cyclohexane photo-oxidation wift, (black circles) and®0, (grey circles).

The lines correspond to the exponential fittings.
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6.4. DISCUSSION

6.4.1. Selective photo-oxidation mechanism

The spectroscopic data presented in Figures 6615tprovide important information
on the mechanism of photo-oxidation of cyclohexawer TiO, surfaces. Usually, it is
postulated that cyclohexyl hydroperoxide is a kagimediate in the oxidation process.
Indeed, besides the strong features of adsorbddhep@none, also bands of cyclohexyl
hydroperoxide were observed in the process of pbatalytic reaction with @
However, no real indication of the peroxide beingiatermediate in cyclohexanone
formation was obtained. Furthermore, cyclohexanatghatalytic oxidation witH°0,,
without pre-isotopic exchange of the Ti€urface, produces mainly unlabeled products
and shows similar infrared spectra to those obthingen unlabeled®O, is used as
oxidant. The rate of formation of labeled cyclohsoae increases with the time of OIE
up to 30 min (Figure 6.3e). From these results, asaclude that the labeling of
cyclohexanone product reflects the extent of isictdly labeled species on the TiO
surface, suggesting that the oxygen in cyclohexarmginates from TiQassociated
active sites. The present isotopic study thus sstgga mechanistic route, where
dissolved @ is not directly involved in the formation of practs, and in which
peroxides play a minor role.

The mechanism proposed for cyclohexane photo-datatyxidation with *°0,,
(without pre-isotopic exchange), is shown in Schén2e Electron hole separation takes
place in the Ti@ catalysts upon UV illumination, the electron beitrgpped on
Titanium(IV) and the hole trapped on an OH sitee ™ttivation of the cyclohexane
molecule occurs via the formation of a cyclohexdical and a water molecule, after
which the reaction is proposed to follow two poksipathways. In the first pathway,
instead of the previously proposed cyclohexyl hyparoxide intermediate,
cyclohexanone formation proceeds via cyclohexyloadadsorption on a neighboring
Ti-OH site. In this first pathway the dissolved geyn molecule does not directly
intervene in the formation of cyclohexanone, busas an electron scavenger inducing
efficient electron-hole separation and re-oxidatiéithe TF* site (not shown in Scheme
6.2). These steps are a prerequisite for cyclotma@iformation, as demonstrated by an

experiment in which UV illumination of cyclohexanethe absence of Qlid not give
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rise to any product. In the second pathway, begltesnentioned roles, demoves the
second proton of the cyclohexyl radical, mediatimg formation of cyclohexanone.

After the desorption of cyclohexanone, either fodnbg route 1, or route 2, the free
Ti** sites are regenerated by different oxygen sourdg$0, H,'°0, *¥0, or oxygen
originating from the O, lattice.

Scheme 6.2. Proposed mechanisms of cyclohexanone formation.

Formation of adsorbed cyclohexanone:
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When ge = 30 min, the higher percentage of fOH sites leads to a higher
concentration of labeled cyclohexanone. The ratitaloeled/unlabeled cyclohexanone
is close to 50% (Figure 6.3) meaning that only lo&lthe surface could be isotopically
exchanged undéfO,/He illumination conditions. Three pathways of QiFe possible
[23], and over TiQ@ catalysts UV induced oxygen isotopic exchange ctiwrough a R

type exchange, as represented by the followingtems[23-26]:
180, 4+ Ti-"°OH = %00, + Ti-'°*OH (6.1)
%0*0, + Ti-'°0OH > *°0*°0, + Ti-'*OH (6.2)

This exchange mechanism (in gas phase conditioas)b®een proposed to occur
through an & intermediate [27,28]. The observed fraction of ragpmately 50% of
exchange suggests that @dsorption and © formation occurs over coordinatively
unsaturated titanium sites [26,29,30].

OH-sites which are not active for OIE, are appdyeattive for cyclohexane photo-
oxidation, leading to the formation of unlabeledtlojpexanone. This is in agreement
with previous publications which have reported stdarate of organic conversion than
OIE [24,29], also in agreement with the high effitiy of adsorbed organics in
scavenging holes [31,32].

The proposed mechanism is an example of a (surfdaey-van Krevelen mechanism
[33] in which the active OH sites on the surfacetloé metal oxide catalyst are
consumed in the oxidation and are subsequentlynexgted by dissolved oxygen.
According to literature, exchange of oxygen atoresMeen the bulk structure and the
TiO, surface does not occur [30,34]. Therefore the meairce of°0 are the THOH
sites in the surface. The reaction was carriedaubnly 10 min to highlight the initial
steps of cyclohexanone formation and surface desin. At longer illumination
times, the formation of unlabeled products is eiged¢o decrease, while the formation
of labeled cyclohexanone would become predominant.

The detailed structure of the cyclohexyl radicabrtinated to a Ti-OH site in
Scheme 6.2 is not fully clear yet. Occasionallylalexanol has been proposed as key
intermediate in this reaction [7-9], but we do betieve that the intermediate complex

proposed in Scheme 6.2, is identical to adsorbetblbgxanol. Earlier results showed
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that adding cyclohexanol to cyclohexane reducetherathan increased, the rate of
photo-catalytic formation of cyclohexanone [35].

Results do not show a clear kinetic isotope effe¢he formation of cyclohexanone
(Figure 6.6a), so the rate of photo-catalytic faioraof this molecule is not determined
by formation of carbon-oxygen bonds (Scheme 61®8)gssting the catalyst re-oxidation

step to be rate determining.

6.4.2. Contribution of cyclohexyl hydroperoxide

As stated, the mechanism proposed in Scheme 6.Pegdisls cyclohexyl
hydroperoxide as a reaction intermediate. If cyeloth hydroperoxide would be an
intermediate, common sense predicts that the pyimeaction products should be
labeled. Only if the rate of isotope exchange wdgdsignificantly faster than the rate
of cyclohexane photo-oxidation witfO, (roe >> fso), the involvement of the peroxide
would be justified. ScrambletfO0™0 and*°O,, according to equations (1) and (2),
would lead to the formation of unlabeled or scradbperoxide and a mixture of
labeled and unlabeled cyclohexanone. However pusviublications have shown that
the rate of OIE is lower than the organic converdi®4,29]. A rate of OIE on Ti©
catalysts of 0.01 mihhas been determined [34], which is indeed at leasbrder of
magnitude lower than the rate of cyclohexanone &ion (0.22 mift). Although the
isotopic study shows that cyclohexyl hydroperoxidenot the main intermediate
product, it is observed spectroscopically (FigurB) 6suggesting that this is a spectator

species, i.e. a byproduct or an intermediate #sa favorable oxidation route.

6.4.3. Deactivation mechanism

A mechanism for carboxylates formation from cycldmee photo-oxidation is
proposed in scheme 6.3, as a product of directatixid of cyclohexane, or as a product
of consecutive oxidation of cyclohexanone. Eithecyalohexyl radical or adsorbed
cyclohexanone is attacked by @H radical, inducing the opening of the ring wittet
formation of either monodentate or bidentate caytaigs. The’OH radicals which

induce the opening of the ring, may also originfaten adsorbed FO molecules, by
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reaction with a hole. This adsorbed water can b¥QHand H*O formed in the
reaction (Scheme 6.2), o130 originally present on the catalyst surface. Sinyl to
cyclohexanone, increasing the concentration of®DH sites increased the partial
labeling of carboxylates, indicating that the oxygehich is incorporated in this species
originates from the surface.

It is striking that a considerable kinetic isotogféect was determined for carboxylate
formation (Figure 6.6b), suggesting C-O bond foioratto be limiting, as shown in
Scheme 6.3. This is in agreement with a significttvation energy for carboxylate

formation, reported elsewhere [5].

Scheme 6.3. Proposed mechanism for bidentate and monoderdgtexylates formation.
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6.5. CONCLUSIONS

The extent of isotopic labeling in the selectivadation of cyclohexane reflects the
concentration of*®0 of the TiQ surface. This finding shows that the oxygen
incorporated in cyclohexanone originates from thdage, rather than from dissolved

O,. A Mars-van Krevelen mechanism is thus very likilybe operative, with oxygen
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being the electron scavenger and needed for reggoerof the catalytic surface.
Cyclohexyl hydroperoxide, although being observed the infrared spectra, is
considered a byproduct or intermediate to a legsréble oxidation route. No kinetic
isotope effect could be identified for cyclohexaeoformation, while the rate of

carboxylate formation is proposed to be limitedd® bond formation.
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Chapter 7

Summary and outlook

This thesis is based on the premise that the cyclohexane photo-catalytic oxidation to
cyclohexanone process, operated at room temperature and ambient pressure, is a
potential alternative to the commercially applied but intrinsically inefficient process of
cyclohexane oxidation. The low reaction yields and surface deactivation observed in the
photo-catalytic alternative, motivated the use of in situ spectroscopy techniques in order
to understand the mechanistic and kinetic limitations of this reaction. The combination
of ATR-FTIR spectroscopy with isotope labeling, kinetic modeling and molecular
modeling, provided a deeper understanding of the surface mechanism and allowed to
unravel previoudy unknown mechanistic steps, to determine kinetic and equilibrium
constants and to visualize the products adsorption configurations. The knowledge
obtained is intended to aid to the performance enhancement of TiO, catalysts in the
photo-catalytic cyclohexane oxidation and bring it closer to possible industrial

applications.
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7.1. SUMMARY

Since it was first found in 1921 that TiO, is reduced in the presence of organics and
sunlight, much interest has been given to the possibility of using sunlight to activate a
photo-catalytic reaction, inducing the synthesis of bulk chemicals of commercial
interest. Successful industrial application of photo-catalysis on the total oxidation of
contaminants in water and air has already been achieved, but to selectively stop the
oxidation process in a partialy oxidized product, is a process which is still far from
industrial applications. The reasons hereof are the low photonic efficiencies and strong
catalyst deactivation of TiO,, the most common catalyst for these reactions. The low
efficiencies can be improved by reactor intensification and improving the electronic
properties of the semiconductor i.e. reducing the rate of electron hole recombination.
Besides the thermodynamic properties, the kinetic properties of the photo-catalyst in
organic conditions must also be understood, which is the main focus of the work
described in thisthesis.

We chose to study the selective photo-catalytic oxidation of cyclohexane to
cyclohexanone over TiO, catalysts. A reason for the choice was the fact that
cyclohexane is a simple probe molecule, suitable for infrared analysis. Furthermore
cyclohexane oxidation has been previously proven to be selective, and the reaction of
cyclohexane oxidation to cyclohexanone is of industrial relevance.

This thesis describes in detail the application of in situ ATR-FTIR spectroscopy to
analyze the solid-liquid interface of real-time photo-catalytic oxidation of cyclohexane.
Different reaction steps could be followed including the consumption of cyclohexane,
the formation of cyclohexyl hydroperoxide, and cyclohexanone (adsorbed and
desorbed), the formation and consumption of water, the formation of surface
deactivating species and the deactivation or deprotonation of Ti-(OH)-Ti sites. Insight
thus obtained allowed proposing the reaction mechanism illustrated in Chapter 2.
Cyclohexyl hydroperoxide was proposed as the intermediate for cyclohexanone
formation, but besides the observed features of this peroxide in the spectral results, no
real proof for this route was obtained. This motivated the *®0-isotopic study described
in Chapter 6, which led to a new mechanism. In contrast with the generally accepted

mechanism, cyclohexyl hydroperoxide was concluded not to be the key intermediate,
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but either a byproduct of the reaction, or an intermediate in a less favorable oxidation
route. This conclusion is based on the observation that the labeling of cyclohexanone
and of deactivating species formed, reflected the concentration of isotope on the TiO,
surface, through a Mars-van Krevelen mechanism. A new and more consistent
mechanism is proposed considering the incorporation on *°O from the surface on the
products and the surface regeneration by reaction with 20,.

The surface deactivating species, identified as carboxylates, carbonates and
bicarbonates, are probably intermediates to the total oxidation route to CO, and water.
At room temperature, the formation of these species shows a delay suggesting that they
are a consecutive step of cyclohexane oxidation products. It was proposed that this
deactivation route involved the further oxidation of cyclohexanone. The slow
cyclohexanone desorption, which under dark conditions occurred in the scale of minutes
seemed to support this interpretation. However, the possibility of formation of
deactivating species directly from cyclohexane was also considered, for no specific
proof for either deactivating path had been obtained. Chapter 5 shows that operating the
reaction at temperatures higher than 23 °C, considerably enhances the initial rates of
carboxylate formation, decreasing the selectivity of the reaction. Results suggest, that at
room temperature, carboxylate formation is dominated by cyclohexanone over
oxidation, but at elevated temperatures the direct cyclohexane oxidation dominates with
an activation energy of 18.4 kJ/mal.

In order to test if at room temperature, the consecutive cyclohexanone oxidation was
leading to the deactivation of the surface, a strategy was developed to increase the rate
of desorption of cyclohexanone. The strategies considered were: 1) the use of solvents,
2) operate the reaction at dightly elevated temperatures and 3) the modification of the
TiO, surface. The first option was thoroughly reported in literature, with cyclohexane
photo-oxidation in dichloromethane providing the highest reaction rates, but also a
decrease in the cyclohexanone to cyclohexanol ratio. The temperature effect on the rates
of cyclohexanone desorption, in dark conditions, was positive but unfortunately
temperature also enhanced deactivation leading to a decrease in selectivity (Chapter 5).
Modifying the TiO, surface by anchoring hydrophaobic trimethylsilyl groups, increased
the desorption rates of cyclohexanone and water and reduced the deactivation of the
surface (Chapter 3). However, by anchoring silane groups to the surface, the number of

available active sites is reduced. Two classes of catalysts could be identified: (1)
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containing less than 1.0 wt% Si where the cyclohexanone formation rate is decreased by
silylation due to a decrease in OH availability, and (2) containing more than 1.0 wt% Si
where the improved desorption rate becomes dominant over the decreasing OH
availability, and the cyclohexanone formation rate is increased. Besides the till
necessary improvements in stability of surface silane groups, this strategy provided the
best results in terms of product selectivities. Furthermore, the results showed that, at
room temperature, cyclohexanone desorption isindeed limiting and its over oxidation is
a considerable contributor to the formation of deactivating species.

Besides the mechanistic insight, isotope substitution also provides kinetic information
on the rate determining step. The results obtained in Chapters 2 and 6 indicate that the
kinetics of the photo-catalytic cyclohexanone formation are not determined by the
breaking or formation of bonds involving hydrogen or oxygen atoms. A considerable
kinetic isotope effect was determined for carboxylate formation, which is most likely
related to C-O bond formation, yielding a carboxylate group and deactivating a TiO,
active site.

After obtaining mechanistic and kinetic information, we took a closer look into the
interaction of the product cyclohexanone with the TiO, surface and the effect of
adsorbed water. TiO, is known to be very hydrophilic, and DFT calculations showed
that adsorbed water greatly affected the adsorption enthalpy of cyclohexanone and the
resulting infrared absorption frequencies. A good correlation was found between the
two ATR-FTIR bands of cyclohexanone adsorbed on TiO,, and the freguencies
calculated for configurations of cyclohexanone interacting with the (101) surface with
low and intermediate levels of hydration. The corresponding adsorption enthalpies of
these adsorbed configurations were calculated as -23.5 kJmol and -37.0 kJmal,
respectively.

The microkinetic model in Chapter 5, predicts well the experimental results between
30 and 50 °C, although showing low sensitivity for determining the cyclohexanone
adsorption equilibrium constants, providing some unexpected results. This model
suggests that under UV illumination, much faster desorption rates take place than under
dark conditions. This result indicates that, while looking closely to the organic
conversions at the surface by ATR-FTIR spectroscopy, it is very important to also take
into account the UV-induced electronic changes in the catalyst, for they affect the
adsorption equilibrium constants.
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7.2. OUTLOOK

The results presented in this thesis show that in situ spectroscopic techniques can be
very insightful on the chemistry occurring at the catalyst surface during photo-catalytic
reactions. However, the high sensitivity of ATR-FTIR can also be a limitation, because
the unspecific character of this technique may induce very complicated spectral
analysis. The combination of ATR-FTIR spectroscopy with isotope labeling and
molecular modeling is therefore very useful to assign specific vibrations. Also an
improved time resolution, which would allow the analysis of earlier stages of the
reaction, could both simplify the spectral results and allow the analysis of labile
intermediates. This could be obtained with Rapid Scan infrared spectroscopy, for
analysis in the millisecond scale, or with Step Scan infrared spectroscopy for the
analysis of steps in the microsecond and nanosecond time scale. However, Step Scan
analysis requires averaging between repeatable experiments, which is difficult to
achieve in room temperature catalysis, where strong product adsorption occurs. The use
of infrared spectroscopy limits the analysis to an organic point of view, while the
electronic process occurring during the reaction, which is also extremely important, is
not studied. For example, the combination of Step Scan with Electron Paramagnetic
Resonance (EPR) could extend the mechanistic knowledge from an organic viewpoint,
to the preliminary steps of UV induced surface activated states and radical species.

Besides the improvements on the analytical techniques, also improvements on the
illumination methods can be made, with the final objective being the use of sunlight as
the illumination source for an efficient photo-catalytic reaction. TiO, only absorbs light
in the range of the UV, which corresponds to only 8% of the sunlight emission
spectrum. To improve the light absorption of TiO, catalyst, different strategies could be
used. The first one is to modify the TiO, catalyst to induce visible light absorption,
which corresponds to 45% of the sunlight emission spectra. Different options have been
considered in literature like doping the TiO, catalyst with transition metals; synthesize
composite semiconductor-semiconductor materials; and sensitize the TiO, catalyst with
a dye. A second option would be to maintain the absorption properties of TiO, while
using concentrated UV light to activate the catalyst in an optimized photo-reactor. To
prevent excessive heating of the system, filters could be used to remove the visible and
IR emission of the sun. A third option would be to use the efficient and well established
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photovoltaic technology to absorb the solar light, transform it into electricity that could
feed a UV lamp emitting in the range absorbed by the TiO, catalyst. In this case a good
illumination sources would be the Light Emitting Diodes (LED), which are small size
lamps, with narrow emission spectrums and high energy efficiencies. The last two

options are represented in Figure 7.1.

a)

Visible and IR Filter U UV LEDs
R

PHOTO-REACTOR

Figure 7.1. Schematic representations of the use of solar light on a photo-reactor by a) filtering
the UV spectral contributions and b) by using photo-voltaic cells to transform solar light into
electricity, to feed UV-LEDs incorporated in the photo-reactor design.
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Sinds in 1921 gevonden werd dat Jifalfgeleiders reduceren in de aanwezigheid
van organische verbindingen en zonlicht, is er vaahdacht geweest voor de
mogelijkheid om zonlicht te gebruiken om fotokatelghe reacties in te zetten voor de
synthese van economisch belangrijke bulkchemicali&uccesvolle industriéle
applicatie van fotokatalyse voor de volledige oxil@an organische verontreinigingen
in water en lucht is al bereikt maar het selectteppen van het oxidatieproces bij een
partieel geoxideerd product is een proces dat rergverwijderd is van industriéle
toepassing. De redenen hiervoor zijn de lage féfioiénties en de sterke
katalysatordeactivatie van TiOde meest gebruikte katalysator voor deze readiies
lage efficiénties kunnen verbeterd worden door treatensificatie en het verbeteren
van de elektronische eigenschappen van de halfigeleroals het reduceren van het
aantal elektron gat recombinaties. Naast de eleisgthe eigenschappen, dienen de
kinetische eigenschappen van de fotokatalysatasrgmnische condities begrepen te
worden, hetgeen het hoofddoel is van het werk lveseh in dit proefschrift.

We hebben ervoor gekozen om de selectieve fotokistethe oxidatie van
cyclohexaan naar cyclohexanon op Tiatalysatoren te bestuderen. De redenen voor
deze keuze waren de volgende. Cyclohexaan is emroegig molecuul, is niet erg
reactief, en eerder is bewezen dat de oxidatieditamolecuul selectief is. Het product
cyclohexanon is zeer geschikt voor infrarood areglghn bovendien is de oxidatie van
cyclohexaan naar cyclohexanon een reactie vantnélesrelevantie.

Dit proefschrift beschrijft in detail de toepagsivan AT-FTIR spectroscopie voor de
analyse van het vast-vloeistof grensvlak tijdera-tine fotokatalytische oxidatie van
cyclohexaan. Verschillende reagentia konden gevaigidien, zoals de consumptie van
cyclohexaan, de vorming van cyclohexyl hydroperexét cyclohexanon (geadsorbeerd
en gedesorbeerd), de vorming en consumptie van rwale vorming van
oppervliakdeactiverende moleculen en de deactiadtideprotonatie van Ti-(OH)-Ti

sites. Het gedetailleerde inzicht leidde tot het Hoofdstuk 2 voorgestelde
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reactiemechanisme. Cyclohexyl hydroperoxide womrgicgtuleerd als het intermediair
in de vorming van cyclohexanon, maar buiten de genteerde spectrale resultaten is
er geen overtuigend bewijs gevonden voor deze rdditewas de motivatie voor de
®0-isotopen studie zoals uitgevoerd in hoofdstukd® aanleiding gaf voor een
voorstel van een  alternatief mechanisme. In teg#img tot het algemeen
geaccepteerde peroxide mechanisme, werd geconotlidatecyclohexyl hydroperoxide
niet het hoofdintermediair is, maar ofwel een Hlighrct van de reactie, ofwel een
intermediair van een minder gunstige oxidatie rolteze conclusie is gebaseerd op de
observatie dat dé°0/*®0 verhouding van het geproduceerde cyclohexanooolals
gevormde deactiverende moleculen, overeenkomendmeterhouding van isotopen
aangebracht op het Tipperviak. Een nieuw en meer consistent mechanigandt
daarom voorgesteld, namelijk die van de incorperasin O’ van het oppervlak in de
producten, gevolgd door oppervlak regeneratie deactie met @ in feite een Mars en
van Krevelen mechanisme.

De oppervlak deactiverende moleculen, geidentifiteals carboxylaten en
bicarbonaten, zijn waarschijnlijk intermediairenda totale oxidatieroute naar €@n
water. Bij kamertemperatuur toont de vorming vamedmoleculen een vertraging, wat
een indicatie geeft dat deze in een opvolgende stapden gevormd, en
oxidatieproducten van cyclohexanon zijn. De tragelahexanon desorptie, die in het
donker op de schaal van minuten plaats vindt tigze interpretatie te ondersteunen.
Desalniettemin is de mogelijkheid van de vorming deactiverende moleculen direct
uit cyclohexaan niet uit te sluiten, aangezien @orvgeen van beide routes specifiek
bewijs is gevonden.

Hoofdstuk 5 laat zien dat door het uitvoeren varrebetie bij temperaturen hoger
dan 23°C de initiele reactiesnelheden van carbakytaming vanuit cyclohexaan
aanzienlijk worden verhoogd, wat de selectivitaahwle reactie verlaagt. Resultaten
lijken aan te tonen dat carboxylaatvorming bij kateeperatuur voornamelijk
geschiedt door verdere oxidatie van cyclohexanagrndat bij verhoogde temperatuur
(thermische) directe cyclohexaan oxidatie steedanieijker wordt. Hiervoor is een
activeringsenergie van 18.4 kJ/mol bepaald.

Om te testen of bij kamertemperatuur de verderdatié van cyclohexanon leidt tot
deactivatie van het oppervlak zijn diverse straégiontwikkeld om de snelheid van
cyclohexanon desorptie te verhogen. De beschoutxvdiegieén waren: 1) gebruik van
154
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oplosmiddelen, 2) uitvoering van the reactie kihti verhoogde temperatuur en 3) de
modificatie van het Ti@oppervlak. De eerste optie is grondig gerappodteier
bestaande literatuur, waaruit blijkt dat cyclohexéato-oxidatie in dichloromethaan de
hoogste reactiesnelheden geeft, maar ook leidtentverlaging van de cyclohexanon/
cyclohexanol verhouding. Verhoging van de temperaheeft een positief effect op de
snelheid van cyclohexanon desorptie (in afwezighe&h licht) maar de door
temperatuurverhoging verhoogde deactivatie leidt td een afname in selectiviteit.
Het modificeren van het TiQpppervlak door middel van het verankeren van Hdre
trimethylsilyl groepen verhoogt de desorptiesneditredran cyclohexanon en water.
Echter, door het verankeren van silylgroepen aamwyeerviak wordt het aantal actieve
sites verminderd. Twee katalysatorklassen konderdevo onderscheiden: (1) minder
dan 1.0 gewichtsprocent Si bevattend, waarbij delobgxanon vormingssnelheid
verminderd wordt door silylatie wegens een vermiddebeschikbaarheid van OH en
(2) meer dan 1.0 gewichtsprocent Si bevattend, bijabet positieve effect van de
verhoogde desorptiesnelheid sterker is dan hettiesgaeffect van de verminderde OH
beschikbaarheid en de vormingssnelheid van cyckri@mx dus bevorderd wordt.
Silylatie blokkeerde de meest reactieve sites eulieerde, wegens de versnelde
productdesorptie, in een verlaging van de deadtisatlheid. Ondanks de nog
benodigde verbeteringen in de stabiliteit van deasgroepen aan het opperviak leidde
deze strategie tot het beste resultaat op het djelsin selectiviteit. Verder tonen de
resultaten aan dat, bij kamertemperatuur, de cyslahondesorptie inderdaad
limiterend is en de verdere oxidatie een aanzianlijijdrage levert aan de vorming van
deactiverende moleculen.

Naast het mechanistische inzicht levert isotoopageling ook kinetische informatie
op betreffende de snelheidslimiterende stap. Dehdofdstuk 2 en 6 beschreven
resultaten suggereren dat de kinetiek van de ftabkesche cyclohexanon vorming niet
bepaald wordt door het breken of creéren van bgatin waarbij waterstof- of
zuurstofatomen betrokken zijn. Een aanzienlijk iigeh isotoopeffect is bepaald voor
carboxylaatvorming, die waarschijnlijk gerelateégsdaan de vorming van een C-O
binding, resulterend in een carboxylaatgroep engeeleactiveerde TiSite.

Na het verkrijgen van kinetische informatie is ireen detail gekeken naar de
interactie tussen het geproduceerde cyclohexanomeeMiO, opperviak alsmede het

effect van geadsorbeerd water. Het is bekend d@a, $terk hydrofiel is en DFT
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berekeningen toonden aan dat geadsorbeerd watster&reffect heeft op de adsorptie-
enthalpie van cyclohexanon en de resulterenderodch absorptie frequenties. Een
goede correlatie werd gevonden tussen de twee ATMR-Banden van cyclohexanon
geadsorbeerd op Tin de frequenties berekend voor configuratiesoyatohexanon
die interactie vertonen met een (101) anataasakridak met lage en middelhoge
niveaus van hydratatie. De corresponderende adsorphthalpieén van deze
geadsorbeerde conformaties werden uitgerekend3p Ka/mol en -37.0 kd/mol.

Het microkinetische model in hoofdstuk 5, dat dpesknentele resultaten tussen 30
en 50°C goed voorspelt, levert een aantal onverigadksultaten, hoewel de
onzekerheid in de waarden van de evenwichtscomstartor cyclohexanonadsorptie
aanzienlijk is. Het model suggereert dat in aanglezid van UV licht een veel snellere
desorptie plaatsvindt dan in het donker. Dit gaaft dat bij het in detail bestuderen van
de organische conversies aan het oppervlak met RTIR- het erg belangrijk is om de
UV-geinduceerde elektronische veranderingen in delysator in beschouwing te
nemen, omdat deze de waarden van de evenwichtaoteistvoor adsorptie sterk
kunnen beinvloeden.

De resultaten in dit proefschrift tonen aanidieditu spectroscopische technieken zeer
inzichtelijk kunnen zijn betreffende de chemie dip het katalysatoropperviak
plaatsvinden tijdens fotokatalytische reacties. Egrondige mechanistische en
kinetische studie is gemaakt voor de fotokataljiéscyclohexaan oxidatie op Ti(De
twee belangrijkste valkuilen van de reactie warerhdge deactivatiesnelheid van JiO
en de lage fotonefficiéntie. Veel nadruk is gelegp het verlagen van de
katalysatordeactivatie, wat bereikt werd door hebrgik van een kristallijne Ti©
katalysator met verhoogde oppervlakhydrofobicitefibewel de nadruk van het werk
gepresenteerd in dit proefschrift niet lag op hethegen van de fotonefficiéntie van
cyclohexaan foto-oxidatie, worden de volgende dpioposities betreffende het
verhogen van de lichtabsorptie-efficiéntie door Jkatalysatoren voorgesteld:

(i) De TiO, katalysator kan worden gemodificeerd om zichtliaht van de zon op te
vangen, door transitiemetalen aan de ,Tikatalysator toe te voegen, composiet
semiconductor-semiconductor materialen te synthetis of de TiQ gevoeliger te

maken met behulp van verfstoffen.
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(i) De TiO, absorptie eigenschappen hebben geen nadeligesthWip gebruik van
geconcentreerd UV-licht door het gebruik van eeropgjiealiseerde fotoreactor
configuratie.

(i) De gevestigde fotovoltaische technologie kaorden toegepast om zonlicht te
absorberen, deze te transformeren in elektricaeit UV LEDs te voeden die licht

uitzenden binnen het absorptiebereik van de kattdys
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